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РКЕКАСЕ 


I OVERVIEW 


* THE MANUAL FORMAT 


This manual, "KC's Problems and Solutions", is a collection of problems and solutions with compiled answers, 
designed to accompany the Text "Microelectronics Circuits", fourth edition, by Sedra and Smith, Oxford 
University Press, 1997. 


The goal of this Manual, captured in its former subtitle "Trial and Success", is to motivate and assist in 
the dynamic process of active learning. 


The mechanism provided here includes three parts: I: Problems, II: Solutions, III: Answers. 
Specifically: | 


Part I: Problems, consists of a collection of problems keyed to the Text in a variety of ways: 
Most obviously, the problems are grouped according to the Sections of the Text. Possibly less 
apparent is their relationship both to segments of the Text and to the end-of-chapter problems con- 
tained there, about which more will be said shortly. As well, the problems are coded to indicate Com- 
plexity (C), Length (L), and Design content (D), with an appended asterisk notation to indicate the 
intensity of the associated attribute. 


Part II: Solutions provides solutions which are relatively detailed. While the presentation is 
usually in a somewhat compressed format, attention has been given to revealing intermediate analytical 
and computational steps. As well, additional comments on the interpretation of the Text, and the 
direction for additional work are relatively common. 


Part III: Answers allows rcaders to conveniently evaluate their success at problem solving 
without the inevitable hints that skimming the actual solution might provide. 


* AN APOLOGY TO THE USER - THE LIKELYHOOD OF ERRORS 


In a Manual such as this, intended as an aid to the student in a process of active learning, the issue of 
errors is a very critical one. Obviously, errors embodied in the problem solutions presented here can be very 
disconcerting to anyone who is less than secure in his or her knowledge of the subject matter. Thus the reduc- 
tion of errors has been, and will continue to be, a high priority. It is in the latter sense that your indulgence 
and help are sought in the conjoined processes of error detection and error recovery. Certainly I will be most 
grateful for your help in reporting them! 


In this process of error compensation, it is possibly useful to identify the types of errors you will inevit- 
ably find. In order of increasing subtlety and criticality, they are: 


Typographical errors: 
There are many types of possible typographical errors which can be broadly characterized as 
omission, exchange, and replacement, either in word, number, symbol, phrase or sentence con- 
structs. While unnecessarily confusing, they usually have the virtue of being easily detectable 
and correctable in context. To assist the detection process at its lowest level, solutions are 
relatively detailed with lots of intermediate calculations, relatively consistent variable naming, 
and relatively complete use of units for numerical results. Unfortunately, however, you may 
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possibly find missing solution lines, as well. 


Arithmetic Errors: 

These occur between steps in a computation as a result of calculator misuse or transcription 
error in the original work. They are distinguished from typographical errors by the fact that 
they propagate. They can be detected only by carefully checking and reproducing the 
preceeding substitutional and computational steps. Often the integrity of the following solu- 
tion structure remains, but not always. One of the generic methods I use to help ensure struc- 
tural integrity is an overall test for physical plausibility, or reasonableness, though this is often 
not documented. However, an explicit demonstration of the attempt to reveal such errors is in 
the use of frequent Check comments which typically employ a recent result in a somewhat- 
global verification process. Incidentally, this is a good approach for you to use in your solu- 
tions, as well! 


Conceptual Errors: 

These are of two kinds, either local or global. The former occur usually as a result of misin- 
terpretation of a symbol, or of the scope of a question. Occasionally you may find a piece of 
a question that was not answered at all, or answered in a less than complete fashion. The 
only virtue of this sin is that it is normally detectable. On a far more serious scale will be the 
occasional occurrence of totally wrong solution methods. These are quite insidious and 
confusing to a novice, since they can easily be mistaken to bc a valid alternative approach. 
While these are relatively unlikely, they are almost certainly present. : 


For all of these errors, please accept my apologies. While I have utilized many approaches to minimiz- 
ing them, the limitations of available time and resources have produced the result you see before you. АП that 
remains to be said, again, is that I beg your indulgence, and look forward to your help in improving the situa- 
tion! 


e SOLUTION-PRESENTATION FORMAT 


As you will note, the solution format in Part II: Solutions in this Manual is often less-than-ideal, being 
basically a run-on string of what would ideally be separated lines. This choice was made in view of the need 
to reduce the overall size of the Manual while making the solution relatively complete, with lots of intermedi- 
ate steps. Obviously fewer steps in a more structured format would be more readable, and certainly more beau- 
tiful, but probably less informative! To help in interpreting the string format, a somewhat-variable attempt at 
the use of bridging language, sentence structure, and punctuation has been made. For instructive variety, some 
solutions are presented more elegantly, including more explicit language, both with respect to physical arrange- 
ment and description, as well as mathematical structure. | 


II ADVICE TO THE STUDENT 


* COPING WITH ERRORS 


As noted earlier, I regret that you are likely to find errors in the solutions presented here. My regret con- 
cerns the fact that I am distressingly aware that an error of mine can be difficult to separate from a conceptual 
difficulty you may have. The only positive thing I can say is that learning to cope with imperfection is "good 
for the soul". Certainly a lot has been written about the positive effects of moderate stress on mental (and phy- 
sical) development. Ask any reformed couch potato! 
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But what can you do? Certainly compare notes with your colleagues! Revel in the possibility that this 
Manual is an ideal candidate for leisure-time conversation, after a hard day in class or study hall! More seri- 
ously, it is certain that a minor degree of cross-checking with others can certainly avoid wasted time. Then, 
and even on your own, if your solution and mine differ, certainly be prepared for a quick check of obvious 
things — typos, arithmetic, etc. If you do not find the source of the discrepancy quickly, go on to another one, 
as a way to test yourself. If you have trouble there as well, suspect your own need for more reading and 
review of the Text. Otherwise a bit more work on checking the solutions is appropriate. Bear in mind, that it 
is regrettable, but true, that there are errors in these Solutions. Feel good about yourself in finding them! Feel 
sadness (and compassion) for my failure to do so! In any case, report them (through our WWW page). Ме. 
will be grateful! 


* THE ROLE OF CIRCUIT-RELATED SKETCHING IN 
ELECTRONICS-PROBLEM SOLUTION 


The merits of sketching in the solution of problems in Electronics cannot be overemphasized! Properly 
organized, sketching constitutes a highly-efficient information-transmission mechanism, a language in which 
relatively complex issues in electronics design and analysis can be presented and communicated. As well, par- 
ticularly for those broadly conversant with its idioms and dialects, circuit-related sketching can provide the 
basis for an enriching aesthetic experience, manifesting a kind of "poetry", or "music for the eyes", so to speak. 
This idea is a very important element in the graphic presentation style seen in the Text "Microelectronics Cir- 
cuits", where a lot of use is made of schematic-circuit and waveform sketches. As well, the role of sketching 
in laboratory work is made quite explicit in the associated Laboratory Manual “Laboratory Explorations". 


Regrettably, here in this Manual, "Trial and Success", it has not been possible to properly present any- 
thing like a complete view of the potential of sketching as language. There are two reasons, one economic, and 
one paedogogical. | 

The paedogogical issue appears first in problem presentations, in the use of circuit sketches in Part I: 
Problems. Thus, there, you see some problems posed almost exclusively in terms of circuit sketches. To 
better appreciate circuit sketches as language, pause for a moment to reflect on how to present problems like 
these, without a sketch! For large electronic assemblages, this can be a very daunting problem: For example, 
for those of you familiar with SPICE as a Circuit Simulator, contrast the sterility of the SPICE input file — the 
connection-specification list used in basic simulators (for example in Appendix D of the Text) — with the 
aesthetic elements of the circuit sketch it attempts to describe. It is for this reason that schematic-circuit input 
to circuit simulators is becoming more common, as you can see, for example, in the Electronic Workbench 
material, by Interactive Technologies, Inc., provided with the Text. 


It is for exactly this reason that the graphical user interface provided in "Electronic Workbench" is 
recommended for practical work associated with the Text, particularly as a replacement for (or adjunct to) a 
"hands-on" laboratory. 

On the other hand, to communicate situational detail using spoken and written language is also important! 
Certainly as a student of Electronics, or of engineering in general, you must be able to handle problems 
presented in spoken-language style. However one of the best ways of dealing with such a word problem 
presented to you, is first to prepare a sketch of the situation described. Incidentally, for a person proficient in 
the process of circuit sketching, such a sketch would normally be created incrementally as the text description 
is scanned, then augmented and checked later, as the text is reread. 


In spite of all this, economic issue associated with the creation of well-formed drawings in a published 
work such as this is a very real one. Regrettably, because of the relatively-high cost of production and presen- 
tation, there are far fewer sketch-based problems provided to you in this Manual than good paedogogy would 
suggest. In particular, as well, there is a lot of reference to existing figures in the Text. Notice, however, that 
this is a good example of an important engineering principle, that reuse of a costly resource is a logical part of 
a good engineering solution to any (engineering) problem! 
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More critically, in terms of illustrating the best style for you to emulate, I must emphasize that there аге 
far too few sketches used in the Solutions part of this Manual. The ones seen usually arise in response to a 
direct request for a sketch. While this is paedogogically wrong, it is economically necessary. More concretely, 
in your work in Electronics, normally without these constraints, the very best and most-effective style I would 
recommend is to always try a sketch. "When in doubt, sketch", would not be too strong a recommendation to 
follow. Notice that in the Text, an aspect of this idea is embedded in the recurring idea of "working on the 
diagram" that appears there, for example on pages 248 (numerically) and 267 (analytically). As is illustrated 
occasionally in the Solutions to follow, it is generally a very good idea to notate circuit sketches with small 
calculations or notations, whose role it is to present, memorably, in context, circuit-specific data. For example, 
а convenient way to notate event timing on digital or pseudo-digital circuits is illustrated on page 364 here in 
the Solutions. In a very broad sense, in general, but certainly in the solution of the relatively intricate prob- 
lems which appear in this Manual, first try to capture the specified situation as a sketch. Then, at or near the 
appropriate node of the circuit, possibly connected by a pointer line or other reference notation, do the calcula- 
lions that you can do easily, such as those, for example, relative to bias-point analysis, signal limits, сіс. Use 
these (possibly approximate) results, then, to guide your more elegant and formal solution, and, as well, to pro- 
vide a rough check on the plausibility of your final results. 


e SOLVING A PROBLEM - SOME GENERAL ADVICE 


Read the Problem carefully to see if you understand the general idea it attempts to present. As noted ear- 
lier, try to present the situation described in a labelled sketch. The preparation of this sketch may be somewhat 
iterative — first a rough idea with some labels (to be left in place on your page), then a refined version added, 
with complete labelling. Note the idea of progression without erasure. As a general гше, don't eliminate car- 
lier work, either by erasure or abandonment, for it represents the path of your progress, the history of the pro- 
cess of your "learning to Ісагп", the shoulders on which your final solution stands, the available evidence of the 
logical process you can use when reviewing your work, and so on. Perhaps, later, you may want to make your 
solution more beautiful for final presentation, but this is often not necessary in the engincering workplace, 
except for very formal reports required by top management. Notice also that in the phrase "to be left in place", 
I have attempted to suggest avoiding the scraps of paper, the legendary "back of the envelope", and so on, 
which are relatively inappropriate in a modern responsible decision-path-traceable engineering-design process. 
It is for these reasons that working engineers often use a bound "Engincering Workbook" to record their pro- 
gress. 


. In general, it is often a good idea to redraw the circuit presented in the original problem specification (or 
photocopy it with segmentation and enlargement, if complex), and then do your work while looking at it, 
and working or it, if that is convenient. 


° Prepare an informal summary table of the symbolic and numeric values of specified variables and of Ше 
values which you must find in your calculations. It is often useful to organize the solution to your prob- 
lem by first preparing a tabular format in which you might wish to present the results. Certainly from 
the point of view of real engineering problem solving, this is a very credible and effective way to both 
organize your thinking and to prepare for the ultimate presentation of your work to the "boss". Bear in 
mind, of course, that while all of this is a good idea (else I would not have written about it!), it is often 
difficult to do, and may be overkill in a simple situation. Whether you use the idea, or not, depends on 
your particular situation, in the same sense as does the use of refined sketches. If it helps, do it! 
Notice, in general, that most of life's problems are amenable to more than one solution style! 


° As a generalization of the detailed comments above, always attempt to make the specifications of any 
problem you face, whether here, now, or later in real life, as explicit as you can. That is what the 
sketches and tables are all about! Set yourself up, as much as you can, for a multisensory input, for the - 
possibility that a rapid review of the situation through, say, a quick glance at a circuit diagram can crys- 
talize the issue before you, thereby avoiding the forgotten fact, the potential omission, the unnecessary 
rework, etc. 
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Ill GENERAL INFORMATION 


* RELATIONSHIP OF THE PROBLEMS HERE TO THE EXERCISES 


AND PROBLEMS IN THE TEXT 


The problems in this Manual are intentionally coupled in a variety of ways to the Exercises and Prob- 


lems in the Text: 


First, you will see that a fraction of the Problems are direct variations of those in the Text. By and 
large, these can be seen to represent several situations: One is of the acknowledged existence of a set of 
relatively basic, classic problems that bear repeating. Another is where problem variety in some subject 
is somehow limited. Another is a concern for representing, by example, a general approach to creating 
numerically-different problems in an area where that is often not straightforward. Another is to provide, 
in conjunction with the Exercises or Problems in the Text, an opportunity to sce the bigger picture as 
influenced by a particular set of circuit-design parameters, and thereby experience the issue of design 
variants, by viewing a few sample points in a related "design space". 


Second, a fraction of the Problems presented are coupled more subtley to those in the Text by being 
expansions, extensions, or decompositions of them. By expansion, I imply the more detailed examination 
of an interesting aspect of the Text problem. By extension, I imply the posing of questions which 
enlarge the domain of analysis, of design, or of application. By decomposition, I refer to the reuse of 
selected parts of a Text problem, often over a wider domain of device parameters, loads, frequencies, etc. 
The enlarged dimensionality implied by the words expansion and extension is indicative of the fact that 
the Problems presented are often relatively complex. The arguments, in support of the intended com- 
plexity, are many: that real life is complex, that complexity may reinforce in-depth and long-chain think- 
ing, that complexity by added parts implies choice, and, finally, that the existence of Solutions as aids, 
all are intended to justify and support a complex situation that could otherwise be quite difficult. 


* AIDS TO SIMULATION 


You may notice that a large number of the circuit schematics used in this Manual have been prepared 


using software associated with "Electronics Workbench" by Interactive Image Technologies, Ltd. А major 
benefit of this approach is the availability of these circuits in a form-compatible with simulation using Electron- 
ics Workbench. In the near future, we proposed to make such material selectively available through our WWW 
site (sedrasmith.org) and in a CD-ROM. 


» SOME FACTS OF INTEREST 


This Manual contains 753 Problems, of which 202 involve direct design practice. 
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РАКТ 1 
PROBLEMS 


pages 1 to 131 


CHARACTERIZATION CODE 


C Complex 
D Design 
L Long 
Where suffixes * and ** indicate 


indicate more and much more 
of the preceeding attribute. 


Chapter 1 


INTRODUCTION TO ELECTRONICS 


SECTION 1.1: SIGNALS 
L 
11 For the following circuits, identify the signal-source form, whether Thevenin or Norton, and provide, in 


an organized two-column table, sketches of both standard forms. Where appropriate, reduce the circuit to 
its single-source, single-impedance form. Be careful with the polarities of voltage and current generators. 


ad 


N 


| 5 1 
VENE: 
49 R WE 


Q1-1a Q1-1b 
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с! 1 R 1 
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2 2 
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e e 


SECTION 1.2: FREQUENCY SPECTRUM OF SIGNALS 


1.2 For the following signals whose frequency is expressed either in radians per second or Hertz, find the 
corresponding value in the alternate form. Provide your answers in a neat five-column format, a line 
label at the left, Hz next left, rad/s at middle right, and 2 blank columns at the far right. _ 


(a) 60Hz, (b) 754 rad/s, (c) 2513.3 rad/s, (d) 1010 kHz, (e) 97.30 MHz, (f) 1 Hz, (g) 377 rad/s, (h) 1 
rad/s, (1) 1 GHz, (1) 400 GHz. 


1.5 


1.6 


1.7 


PROBLEMS: Chapter 91-2 


For each part of the previous question find the period of the signal. Express it in seconds in two ways, 
using 3 significant digits: | 
a) X with one left of the decimal point and with an appropriate power of 10, and 


b) using the standard names for subdivisions (seconds(s), milliseconds(ms), microseconds(s), 
nanoseconds (ns), picoseconds (ps), femptoseconds (fs)). 


Create your answer in two ways: 
i) directly from the specifications given in the previous question, 
ii) the easiest way, using data from your table. 


Use the 2 far-right columns in the answer table of P1.2 above for your answer (first using powers of 10, 
then names). | 


An oscillator, operating in an instrument at 10.7 MHz, is said to be stable within 3 parts-per-million per- 
degree-Celsius variation in temperature. What change of period would you expect from the moment it is 
first turned on in a room at 25°С, until it finally reaches its internal operating temperature at 50°С? 

Three individuals, when asked to characterize different sine-wave signals presented to them, state: 

a) 0.20 V peak-to-peak at 1000 Hz, 

b) 2.12 V rms, with a 20psec period, 

C) 1.0 V peak amplitude, and a frequency of 12.57 rad/s. 

Find the amplitude and frequency ratios which characterize the 3 signals using a) as the reference. 


What fraction of the energy in a square wave of frequency / and 10 V amplitude is contained in harmon- 
ics above 9f ? at and above 3f ? 


An ideal low-pass filter with cutoff frequency f passes all signal energy below f, and rejects all signal 
energy above. Find the cutoff frequency of a low-pass filter such that square waves at 1 khz and 2 kHz, 
with amplitudes of 1.1V and 1.2V respectively, provide nearly the same output-power levels. 


SECTION 1.3: ANALOG AND DIGITAL SIGNALS 


1.8 


1.10 


A square wave at frequency f can be considered to be the result of sampling a sine wave of frequency f 
twice per cycle (at a uniform rate of 2f ), and extending the measured value until the next sample. For 
this interpretation, characterize the result of sampling a 1V rms sine wave: 
a) exactly at its peaks, 
b) at 90° from a negative-going zero crossing, 
c) а 45° from a positive-going zero crossing. 
What waveform results for case a) if the sampling frequency is 
i) doubled, ii) halved? 


A designer wants to represent all decimal numbers from 0 to 33. How many bits are needed? What are 
the binary representations for 0, 7, 15, 31 and 33? What is the largest value that can be represented? 


A second designer involved in creating a low-cost version of the application situation introduced in P1.9 
above, realizes that only the even numbers from 0 to 30 must be represented. How many bits are 
needed? What are the binary representations she can use for 0, 8, 14, 28? What is the largest value that 
can be represented in this low-cost version? 


1.11 


1.12 


1.13 


PROBLEMS: Chapter 41-3 


Consider the 8-bit digital-signal representation shown in Figure 1.8 of the Text. If the most-significant 
bit (MSB) is sent first (at time 0), what value D is represented if a) all bits are positive, b) all but the 
MSB is positive; and the MSB has a negative weight (that is, b, is negative, while b, through Ол, are 
positive). In each case, what is the value represented if the MSB is reversed (thus becoming logic 0)? 


Reconsider the situation presented in P1.11 above, but with the MSB (5,) appearing last in time. What 
is the value of D, the number represented? What value D is represented if a) all bits are positive, b) the 
MSB (alone) has a negative weight, c) the MSB is considered to be a sign bit with zero weight, 1 being 
the negative sign. What values are represented in each of these three interpretations, if the MSB is 
reversed (that is, to take on the logic value 1)? 


For a 5-bit digital representation, what are the largest and smallest numbers that can be represented? 
What decimal value D corresponds to the 5-bit number 01101 written in conventional form. In a modern 
instrumentation system using a 3V supply, the digit voltages are OV and 3V for logic O and logic 1 
respectively. For an associated 5-bit DAC circuit, the most-significant digit (alone) produces an output of 
32 = 1.5V. To what output voltage does the number 01101 correspond? What is the highest available 
voltage-output value? What is the smallest non-zero output value? What available output is closest to 
1.00V? To what digital input to the DAC does this correspond? 


SECTION 1.4: AMPLIFIERS 


1.14 


1.15 


Measurements made on a set of amplifiers, labelled a) through e), provide the attributes tabulated below. 
Calculate those missing elements needed to characterize each. Each amplifier uses + 10V supplies with 
no dc ground connection. Signal connections are with respect to ground, however. Signals are assumed 
to be sine waves whose peak values are given. Amplifier a) has been completely characterized by way of 
example. 


TARDUS NER D ета POE ИТИН К лэн 


Pin ba Rioad б ratio ratio 
nw KQ 


An amplifier operating from + 10V supplies has a linear transfer characteristic passing through (0, 0), but 
with output saturation at +7V and —9V. If the amplifier gain is 50 V/V, what is the largest sine-wave 


1.16 


1.17 


PROBLEMS: Chapter #1—4 


input having no dc component, that can be applied without clipping? 


For the situation described in P1.15 above, it is desired to have the largest possible unclipped output, and 
a dc component can be tolerated. What is the rms value of the largest possible sine wave at the output 
and at the input? What is the dc output component? To what dc value must the input be biassed? 


An amplifier having a transfer characteristic 
Vo = 8—4 (v; - 1)? 
with 
l <u Svo +1, Vo 20 


is to operate with a dc output voltage of 4V. For an output signal of €1 volt peak amplitude at the input 
frequency 0), what % second-harmonic distortion results? (HINT: See Problem 1.15 on page 30 in the 
Text) 


Repeat Example 1.2 on page 17 of the Text, for the situation in which 
Vo = 5 - 10710 £19" 


for 9) > 0 and vg 2 v, with the output biassed at Vo = +5/2 volts. Find Vi, L+, L-, the peak magni- 
tude V; of the output sine wave allowed, and the voltage gain A, at the bias point. 


SECTION 1.5: CIRCUIT MODELS FOR AMPLIFIERS 


1.19 


1.20 


1.21 


1.23 


DL* 
1.24 


А voltage amplifier connected to a particular source v, has a no-load voltage gain of 100 V/V and a gain 
of 70 V/V with a 1 kQ load. What is its output resistance? What is its gain with a 500 Q load? 


A voltage amplifier, when connected to a 10 kQ source, has an overall gain (0,/0,) of 1667 V/V. When 
a second identical amplifier is connected in parallel to the same source, the corresponding gain for each is 
found to be 909 V/V. Estimate the input resistance of the amplifiers. 


A voltage amplifier has an open-circuit voltage gain of Ay,, an input resistance R;, and an output resis- 
tance R,. Find the condition under which a cascade of n of these amplifiers has the same open-circuit 
gain as a single amplifier. 


A design is required of a voltage amplifier to operate between a 1 MQ source and a 100 Q load. You 
have two amplifiers, each with a gain 10 V/V, but with the input and output resistances of А | being 1 
MQ and 10 КО, respectively, and of Az being 10 КО and 100 Q, respectively. There are two possible 
ways to connect the two amplifiers between the source and load. Which is best? What is the highest 
overall gain? Contrast this with the gain using only one amplifier at a time? If a good fairy granted you 
one wish — to double (or halve) any one property of either amplifier — is there a best choice to be made? 
Why? 


A voltage amplifier with a basic gain of 80 dB, has an output resistance of 10 КО. What is the voltage 
gain which results for loads of 1 МО, 10 КО, 1097 What is its equivalent transconductance when 
operating into a zero-ohm load? 


This problem is intended to provide you with a basis for insight into Problem 1.21 on page 51 in the 
Text. 
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1.27 


1.28 
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1.30 


1.31 


PROBLEMS: Chapter #1—5 


(a) Evaluate the gain v,/v, for each of the amplifier stages described there interposed individually 
between the stated source and load. 

(b) From the process and results of (a), identify where the least loss occurs, whether at the source or 
load, for each amplifier. Use these observations to make 3 lists of amplifiers (in which amplifiers 
are put in descending order of merit), as input-stage coupler, output-stage coupler, and as provider 
of gain. 

(c) Now consider a design with a pair of amplifiers, picking, as input, an amplifier high on list 1 and 
reasonable on list 3, and, as output, onc high on list 2 and reasonable on list 3. 


(d) What is the highest gain you can get from two stages? 


(e) Reconsider thc process outlined above, in an attempt to see if you could reach the same conclusion 
by simply thinking about it, rather than by making explicit lists. 


You are required to design a two-stage current amplifier to operate between a current source having a 10 
kQ internal resistance and a load of 10 КО. Three types of amplifier stage are available: 


(1) А low-input-resistance type, with R; = 10 Q, R, = 10 КО and Aj = 100A/A 
(2) А high-gain type, with R; = 10 КО, R, = 1 КО and Aj = 1000A/A 
(3) А high-output resistance type, with R; = 10 kQ, R, = 100 КО and Aj, = 100A/A. 


How many two-stage amplifier combinations are there? Rank them by available gain. 


Reconsider Problem ].25 above, Rank the 3 amplifiers on the basis of a figure of merit (for current 
Ai XR 
amplifiers) which is БЭ . Select the two amplifiers of lowest rank, and use only those types to 
i | 
design a two-stage current amplifier of highest-possible gain between a 10 КО source and 10 КО load. 
What is the highest available gain? 


Reconsider the three amplifiers introduced in Problem 1.25 above as transconductance amplifiers. Restate 
the specifications of each as a transconductance amplifier. Identify a figure of merit for a transconduc- 
tance amplifier like that suggested in Problem 1.26 above for a current amplifier. Use this to rank the 
three as transconductance amplifiers. 


Using the results of Example 1.4 (on page 25 of the Text) for a BJT, characterize its use with E 
grounded, B as input and C as output, both as a current amplifier and as a transconductance amplifier. 
Use rg = 5 КО and B = 200. What are Aj, and Gn respectively? 


For the BJT circuit shown in Figure E1.14 on page 28 of the Text, find expressions for the voltage gain 
v,/vy and the resistance seen by resistor К, connected between the emitter and ground. (Hint: to find the 
latter, use a test voltage as in Ехатріе1.4 in the Text) 


For the BJT circuit shown in Figure E1.14 on page 28 of the Text, find expressions for the voltage gain 
v/v,, and the resistance seen by Кү. 


Use the results of Exercise 1.14 on page 28 of the Text and those from P1.29 above, to find an expres- 
sion for the voltage gain v/v, when a source v,, whose source resistance is Rs, is connected to the base. 
What is the value of Rs for which v/v, is half the value of v,/vj found in P1.29 above. 


PROBLEMS: Chapter #1—6 


SECTION 1.6: FREQUENCY RESPONSE OF AMPLIFIERS 


1.32 In passing through a particular amplifier, an input sine wave of 2 mV peak-to-peak amplitude at 1 kHz 
emerges with the same wave shape, an amplitude increased to 2V peak, and evidence that is has been 
delayed by 0.2 ms. For the amplifier transmission, what is the magnitude? What is the phase? 


1.33 A direct-coupled (dc) amplifier (one whose response extends down to zero frequency) has an upper 3 dB 
frequency of 100 kHz. What is its bandwidth? When coupled to a signal source using a capacitor, its 
frequency response is found to deteriorate at low frequencies, the response being reduced by 3 dB at 20 
kHz. What is the overall bandwidth of this arrangement? 


1.34 Consider the circuits of Fig. 1.22 (on page 31 of the Text). In a particular system application, а new out- 
put И = Vi — V, is created in each case. What is the type of the corresponding output V,,, for circuit 
a)? circuit b)? 


1.35 An amplifier, considered to have a high-frequency response which can be characterized as STC, is meas- 
ured at 3 frequencies, 1 kHz, 10 kHz and 20 kHz, at which the gain magnitude is found to be 11 x 10°, 8 
х 10°, and 4 x 10°V/V, respectively. Estimate the 3 dB frequency and the frequency at which the gain 
can be expected to drop to 1. At what frequency does a phase lag of 60° or so appear? 


CDL 


1.36 Consider one stage of the amplifier cascade in Fig. P1.37 (on page 54) of the Text. At what frequency is 
its response 3 dB down from the midband value? For 2 stages in cascade, what does the 3 dB frequency 
become? For a modified 2-stage cascade in which one of the resistors is decreased to КК (k<1), find a 
process to calculate what the frequency becomes. For what value of k does f3 yg of the modified 2-stage 


0. 
lue ——— ? 
cascade have a value RC 


1.37 A voltage amplifier has the transfer function 


1000 

ТО) = : яр 

m 1+ ——— 

10? if 

On a Bode magnitude plot, sketch asymtotes representing each of the terms shown. Then sketch the 
overall (sum) response. What do each of the three terms contribute (in dB) at f = 1, 10, 100, 10%, 10° 
and 10° Hz. What is the overall response at the same frequencies? What is the 3 dB bandwidth of the 
amplifier? Over what frequency range is the phase 0 + 6°? | 


1+] 


1.38 A voltage amplifier has the transfer function 
T(f)= 
10 


Note that this is not in the most useful standard form. Without converting it explicitly, what are the 
upper and lower 3 dB frequencies and what is the midband gain (i.e. the gain between the upper and 
lower cutoffs)? Now reduce Т(/) to standard form, and consider the same questions: Do you have a 
preference for one form over the other? 


1.39 Consider the transconductance amplifier in Table 1.1 (on page 24) of the Text driving a load capacitance 
of C = 10pF and driven by a 10 kQ source, R,. Find expressions for the gain at low frequencies and 
the associated upper 3 dB frequency. For one particular amplifying device, namely a BJT, both R; and 
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R, are inversely proportional to bias current Z, while G,, is directly proportion to it. Typically, 


К, = 43. К, = о and G,, = 40/ 


Design the circuit bias current so that the resulting upper 3 dB frequency is 1 MHz or more. What is the 
midband gain Ay that results? Using the expressions you have derived, find the product of gain and 
bandwidth. What is interesting about it? Use this result to state the gain of an amplifier whose bias is 
adjusted for a 3 dB frequency of 10 MHz. What current is needed? 


Consider the circuit of Figure 1.25 of the Text in which the output is augmented in two ways: capacitor 
Сз couples R, to another load resistor Ко, and C; (a small capacitance) is shunted by a relatively large 
capacitor Cı. Неге, К, = 20kQ, К; = 100kQ, R, = 2000, Rp = 1kQ, К) = 1kQ and р = 100V/V. 
What is the nominal gain at midband frequencies, where the effects of С; and С» are ignored, that is, C, 
is considered to be very small, and С» is considered to be very large? Find values for Сү and С» so that 
the amplifier has a relatively narrow midband region extending from 20kHz to 80kHz. What gain results 
at 40kHz? Over what frequency range is the gain within 1dB of the midband value. Here, the 3dB 
bandwidth is designed to be 80 — 20= 60kHz. What is the 1dB bandwidth? (Hint: Follow the general 
appraoch implied in Equation 1.24 on page 34 of the Text and in Exercise 1.17 on page 38 there. 


Find the transfer function of the circuit shown: Sketch its magnitude and phase. 


* vl 


SECTION 1.7: THE DIGITAL LOGIC INVERTER 


D 
1.42 


1.43 


1.44 


Ап amplifier, operating from a 5V supply limits 1.5V from the upper supply rail (at 5V) and 0.5V from 


the lower rail (at OV). It has a relatively constant gain of —10V/V in the transition region which is cen- 
tered at 0; = 2.5V. Using the three-segment-transfer-characteristic inverter model of Fig. 1.29 of the 
Text, find VoL, Уон, Vit» Viu; NML, NMy. How wide 15 the transition region? If the transition region 
is doubled in width due to a manufacturing error, what do the noise margins become? By what factor do 
they change? If you, as a designer had a choice of relocating the center the transition region, what value 
would you chose in order to equalize the impact of lower gain on noise margins? 


For a particular logic inverter modelled by the circuit of Fig.1.31c) of the Text, Vpp = 5V, К = 1kQ, 
Ron = 500, Voffse = 50mV. Find Voy and Voz. What static power is dissipated for input high? For 
input low? If the switch also has a 5kQ leakage, what does Voy become? What is the average static 
power loss of this "leaky inverter" for 50% duty cycle? 


For a logic inverter whose operation is modelled by the complementary-switch circuits of Fig.1.32 of the 
Text, Ирр = 5V and Ron = 500. Find Уор, Voy, and the average static power dissipation of the 
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inverter. If each switch has a 5kQ leakage, what do VoL, Уон and the average power become? 


Consider the switched-current logic represented in Fig.1.33 of the Text. For /gg = 4mA, what values of 
Rc, and Rc; are required to achieve a ТУ logic swing? For Vcc = OV, what values of Vo, and Voy 
result? To achieve equal noise margins, at what value of v; should the switch be made to operate? 
(Note that the switch is usually modelled to have Үл, = Vj.) If Veg = 5V, what is the average static 
power dissipation in the circuit? Provided operation is otherwise OK, does switch resistance affect the 
total power dissipation of the gate? 


Reconsider the situation described in P1.44 above in which the logic gate, loaded by a 10pF capacitor, 
operates at 100MHz. What is the dynamic power dissipation which results? Estimate the transition 
times and propagation delay for this inverter following the definition in Fig.1.35 of the Text and assum- 
ing that the switches operate instantaneously at v, = Vpp/2. 


Reconsider the situation presented in P1.44 above for Vpp reduced from 5V to ЗУ, with the switches still 
operating at Vpp/2. 


A current-mode-logic gate modelled by the circuit in Fig.1.33 of the Text, uses Jgg = 4mA, Vcc = OV, 
Veg = SV and Кс = Кс = 2500. The logic load connected to each output can be modelled by a 3 pF 
capacitor. Sketch and label the output waveforms that result for a sequence of 2 switch reversals. Esti- 
mate values for Vor, Уон, ин» їнэ» fPLHu» tpu, for each output, assuming switch operation to occur 
instantaneously at its operating threshold. For this gate operating at 200 MHz with 50% duty cycle, what 
are the static, dynamic and total power consumptions? 


Chapter 2 


OPERATIONAL AMPLIFIERS 


SECTION 2.1: THE OP AMP TERMINALS 


2.1 


What is the number of op amps that can be accomodated in an 8-pin IC package? In a 14-pin package? 
How many unused pins are there in each case? 


SECTION 2.2: THE IDEAL OP AMP 


2.2 


2.3 


An otherwise-ideal op amp, known to have a gain of 107 V/V, is measured in a circuit to have an output 
voltage of -3 V. While it would be difficult to measure, what would you expect the voltage from the 
negative input pin to the positive one to be? If the voltage at the positive pin is known to be --100 mV, 
what is the voltage you would expect at the negative one? | 


For the amplifier described in P2.2 above, connected in the circuit shown in Fig. P2.2 (on page 110 of 
the Text), what voltage v; would be required at the input to produce vg = 3.5 У? 


SECTION 2.3: ANALYSIS OF CIRCUITS CONTAINING IDEAL OP AMPS - 


24 


2.5 


2.9 


2.10 


THE INVERTING CONFIGURATION 


An inverting op-amp circuit with the topology of Fig. 2.4 on page 65 of the Text, has R, = 4.7 kQ and 
Кз = 47 КО. What closed-loop gain would you expect? In the laboratory, a student accidentally 
exchanges these two resistors. What gain would you expect him to find? 


The circuit shown in Fig. P2.8 c), (on page 111 of the Text) using an op amp with a gain of 10* V/V, is 
found to have an output voltage of +10 V. What is the voltage required at the inverting input terminal of 
the op amp for this to occur? What is the current through the grounded 10 kQ resistor? What is the pre- 
cise input voltage, vj, you would expect? (Hint: First, consider this question assuming that the gain 
(109) is very very high. Then, refine your answer with a calculation in which a very small error correc- 
tion is made). 


Design an op-amp circuit with a gain of —2 V/V, using three 100 КО resistors. How many solutions are 
there? What is the input resistance of each? 


Design an inverting op-amp circuit with a gain whose magnitude is 10 V/V using one 220 kQ resistor 
and another resistor no greater than 1 МО. 


Design an amplifier with a gain of —20 V/V, an input resistance of 100 КО, and no resistor greater than 1 
МО. (Hint: you need more than 2 resistors! But not 4!) 


An inverting op-amp circuit is designed to use one 10 КО and one 100 kQ resistor. What are the two 
possible closed-loop gains you would expect with an ideal op amp? What gains do you get with an op 
amp whose open-loop gain is only 100 V/V? | 


An inverting ор-ашр circuit designed for a nominal gain of —100V/V uses a very high-frequency 
amplifier whose open-loop gain is relatively low. What must the amplifier gain be if the closed-loop gain 
is to lie within 1096 of the nominal value? Within 196 of nominal? 


2.11 


2.12 


PROBLEMS: Chapter #2—2 


For the inverting amplifier shown in Fig. 2.6 in the Text, find the input resistance R; of the feedback cir- 
cuit connected to the rightmost end of R, (namely the amplifier with gain —A and feedback resistor Ко). 
[Hint: Follow the general approach used in the analysis leading to Equation 2.1 with R; being the ratio of 
the voltage at the negative input terminal and the current in А›.] The mechanism, that causes R; to be 
quite small is called the Miller Effect. Use R; with Кү and A to calculate G. Compare the result with 
Equation 2.1. 


A relatively ideal op amp with open-loop gain А is connected in a circuit with its positive input grounded 
and an unmarked resistor Ry connected between its output and negative-input terminals. A 10НА test 
current is injected into the negative-input connection, where a voltage of 10.1 mV is measured. A 
corresponding measurement at the output shows Vg to be —978 mV. Estimate the value of the equivalent 
input resistance at the negative-input node, the amplifier open-loop gain А, and the actual value of the 
feedback resistor Rr. What is likely to be the nominal value of Ау? What is its corresponding toler- 


ance? For what value of resistor joining a source Vs to the negative input terminal is 


Vos = — 10.00V/V. 


Design an amplifier with a gain of +200 V/V and an input resistance of 100 kQ using 2 op amps and 
resistors no larger than 1 MQ. Share the gain as much as is convenient between the two amplifiers. 


Reconsider P2.13 above if Ri must be 2 МО. Use a minimum number of resistors. 


Design the circuit of Fig. 2.8 on page 69 of the Text to have an input resistance of 1 MQ and a gain of 
—22 V/V using resistors no larger than 1 MQ. If resistors no smaller than 100 kQ are available, what do 
you do? 


Consider the circuit of Fig 2.8 of the Text with the grounded end of Аз connected to input v2, and v, 
connected to Ау. Use the approach in Example 2.2 (on page 69 of the Text) and superposition, to find an 
expression for Ug in terms of V2 alone, and of v, and v; together. | 


SECTION 2.4: OTHER APPLICATIONS OF THE INVERTING CONFIGURATION 


L 
2.17 


2.18 


Find the transfer function of the following circuit: 
What is the condition for which the out- 


vi C1 C2 put is independent of frequency? Sketch 
| Bode magnitude plots (in rad/s) for 3 
cases: 
R1 R2 a C,=0.1C, = O.IuF, 


К. = 10R, = 100kQ; 
b) А, Is raised to IMQ; 
с) _ Кэ іѕ lowered to 10kQ. 


vo 


A Miller integrator for which the time constant is 1 ms is driven by a positive step of 1 volt amplitude. 
What does the output do? At what rate? If the initial output voltage is 10 V, how long does it take for 
the output to reach 0 V? 


-10- 


PROBLEMS: Chapter #2—3 


2.19 A Miller integrator with a time constant of 10 ms is driven by a 60 Hz sine wave of 0.1 V peak ampli- 
tude. Describe the resulting output waveform, in amplitude and phase. Is the output leading or lagging 
the input? 


2.20 Consider a differentiator circuit such as that shown in Fig. 2.14 a), on page 79 of the Text, having a 5 ms 
time constant. For what rate of change of input signal is the output -1 V? An input signal begins to rise 
from zero volts at ¢ = O at the rate of 1 V/ms, reaches a value of 20 V, then falls at the same rate to zero 
volts. Sketch and label the resulting output waveform over an interval of 50 ms. 


2.21 The differentiator circuit of Fig 2.14 a) of the Text is augmented by a resistor r = 100 Q in series with 
C =1.0НЕ. Resistor R = 10 КО. Sketch and label the output if the input is: 


a) a positive pulse of 0.1 V amplitude and 10 ив duration, 
b) a negative pulse of 50 mV amplitude and 0.1 s duration. 


D | 

222 Design a circuit with 3 inputs to provide an output Vg = — (0 + 2 09 + 3 $3) using 10 КО as the smal- 
lest resistor. 

D 


2.23 Design a circuit to combine 3 inputs to form Vg = V; + 2 0) — 3 03. Use only inverting amplifiers, with 
10 kQ as the smallest resistor. There is more than one way! Find one which minimizes the total resis- 


tance used. 


2.24 For the following circuit, find an expression for the output Vg in terms of v; and v2, assuming an ideal 
op amp. 


v око — OF 


v2 6kQ yo 


SECTION 2.5: THE NONINVERTING CONFIGURATION 

2.25 A non-inverting op-amp circuit with the topology of Fig 2.16, on page 82 of the Text, has R; = 4.7 КО 
and R$ = 47 КО. What closed-loop gain would you expect? In the laboratory, a student accidentally 
exchanges these two resistors. What gain would you expect her to find? 

D 

2.26 Design a non-inverting amplifier with a gain of 1.5 V/V using three 1 kQ resistors. Sketch two solu- 
tions. 

CDL 


2.27 Use the circuit idea shown in Fig P2.44 (on page 116 of the Text) to design a circuit whose output is 
Vo = 0 + 20; — 303, with 10 КО as the smallest resistor used. There are several possible ways! Find 


one, 


- 11- 
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Use the general result outlined in P2.44 on page 116 of the Text for the arrangement shown there in Fig 
P2.44 to create a circuit to provide an output Vo = 10 (0г-0,5). (Hint: Use an additional positive input.) 
Have you seen this circuit before? What is it called? You may find the latter questions more straightfor- 
ward after you have read the next Section of the Text. 


À designer, needing to provide a unity-gain buffer, considers the use of the circuit topology shown in 
Fig. 2.19 on page 84 of the Text. However, the amplifier he has available has an open-loop gain of only 
10. What closed-loop gain would the simple circuit produce? His boss suggests that he consider the cir- 
cuit of Fig 2.16 on page 82 as a solution. As well, she requests that the smallest resistor used be 10 КО. 
What design would result? 


SECTION 2.6: EXAMPLES OF OP-AMP CIRCUITS 


CD 
2.30 


CD 
2.31 


2.32 


2.33 


2.34 


A designer wishes to use a simple modification of the circuit of Fig 2.20 on page 86 of the Text to 
implement a centre-zero voltmeter whose scale ends are +1 volt. The meter movement provided is a 0 to 
1 mA unit with a resistance of 50 Q. Her boss suggests that a solution is possible using a single addi- 
tional resistor and one of the 410 V supplies from which the op amp is powered. What is the value of 
the additional resistor? To what supply is it connected? To what circuit node is the additional resistor 
connected? What is the required value of R? 


An analog-circuit designer requires a +5 V power source from which to run a small amount of digital 
logic requiring 20 mA at +5 V. The analog system uses #15 V supplies which are quite well-regulated 
(that is stable over time and temperature and reasonably independent of load). Suggest a simple op-amp 
circuit, using a resistor network operating at 0.5 mA, to do the job. If the op amp requires a bias current 
of 2 mA from its supplies at no load, what is its total power dissipation when fully loaded at the max- 
imum current required by the logic? 


For a particular difference amplifier using the topology of Fig 2.21 on page 86 of the Text, 
Vv 
Ro = R4 = 100 KQ and Ry = Кз = 10 kQ. What is the gain, G = — = 


‚ you would expect? (Be саге- 


ful of what is asked!). 


The difference amplifier described in P2.32 above is connected to two sources, Vs; and vs», each having 


; ; : Vo ; ; 
а 10 КО internal resistance. What is the gain толу which results? What must you do to achieve а 
51—052 
source-to-output gain of magnitude 10. As well, the source resistance of vg? is found to be only 8 KQ. 


What else must you do to achieve true difference action? 


Reconsider the difference amplifier analyzed in Example 2.6 on page 86 of the Text, using Fig 2.21 and 
Fig 2.22, under the condition that resistor R4 is connected to a 3rd input, vy. Find the expression 


corresponding to Equation 2.13 for vg. Simplify it for the case in which == = нэ 
1 3 


22192» 
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PROBLEMS: Chapter #2—5 


2.35 Consider the circuit shown here which employs an ideal op amp. 


2.36 


2.37 


2.38 


2.39 


R1 R2 
vi 100kQ В 100КО 


R4b 
v2 100kQ |А 300КО 


What is the value of vg for 
a) V = 20) = 5 V, 
b) 01770220 V, 


vo 


+ 15V c) 0, =+3 V, v 2-2 V? 


Do your analysis from first principles. 
Afterward, consider using the answer to 
P2.34 above. 


Using the circuit of Fig 2.25 on page 90 of the Text, design an instrumentation amplifier with a differ- 
ence gain of 100 V/V shared equally between the input and output stages. Employ 10 kQ as the smallest 
resistor. For your design, what voltages appear on the outputs of A, and А» for v, = 5.0 V and v; = 4.9 


V? 


Show that the input resistance of the circuit shown is 
Ri | | 
Rin = —R yq. assuming the op amp to be ideal. (Hint: Use 
| 2 


a test voltage Dy at node X and find the current it must sup- 
ply.) To appreciate the significance of a negative resistance, 
connect it in series with a resistor R4 to a signal source 


at node W. Sketch the circuit. Find expressions for the input resistance К; seen by the signal source at 
W, and for the voltage ratios vyw and vyw. What do these become for Кү = К» and a) R4 = 2R3, b) 
Ка= Кз, c) Ка = R42? For what value of R4 is the voltage gain Uyw equal to +10V/V? 


For the circuit shown with input v, find the Norton 
equivalent circuit at node X. Assume the op amp to be ideal. 
(Hint: Proceed as at the beginning of above.) What current 
will flow in an impedance Z connected to node X? Find the 
corresponding expression for the transmission from W to X 
in general, and when Z is a capacitor C, in terms of complex 
frequency s. Note that the latter circuit is actually a nonin- 
verting integrator. What is its integrator time constant? 
What is its unity-gain frequency? 


A differential amplifier has a composite input signal consisting of 2 sine-wave components at different 
frequencies (60Hz and 1kHz) at each of its inputs: Both have а common component of 8 volts peak at 
60Hz. At 1kHz, each has a component of 1mV amplitude, but of 180° relative phase. The output con- 
sists of a 0.6V peak component at 60Hz and a 60mV peak component at 1kHz. Find the difference-mode 
gain, and the common-mode gain. Using the definition of the Common-Mode-Rejection Ratio (CMRR) 
provided in Problem 2.60 on page 118 of the Text, calculate the CMRR in dB. 


243- 


PROBLEMS: Chapter #2—6 


2.40 A differential amplifier is characterized by the first equation in Problem 2.60 on page 118 of the Text 
where CMRR is also defined. It is found to have a difference-mode gain of 200V/V and a CMRR of 
100dB. For what amplitude of input common-mode signal is the unwanted output signal only 1% of the 
desired difference-mode output of 2Vpp? 


SECTION 2.7: EFFECT OF FINITE OPEN-LOOP GAIN AND BANDWIDTH ON 
CIRCUIT PERFORMANCE 
2.41 An internally-compensated op amp has f, of 10 MHz and a dc gain of 109 V/V. What is the 3 dB frc- 
quency of its open-loop gain? If this amplifier is to be operated at 100 kHz, what open-loop gain is 
available? 


2.42 The op amp in P2.41 above is to be used in a closed-loop amplifier having a gain of 20 dB. What 
corresponding break frequencies would you observe in the inverting and non-inverting versions? For 
what frequencies is the phase shift of the corresponding amplifier less than 6 degrees? 


2.43 The op amp described in P2.41 above is to be used in a system for which low-frequency operation should 
extend (within 3 dB) to 10 kHz. What is the maximum closed-loop gain available from a single 
amplifier? From 2 identical amplifiers used in cascade? (See the result for 2 amplifiers in cascade 
developed in Problem 2.73 on page 119 of the Text). 


2.44 A measurement of the closed-loop gain of an amplifier shows it to be ~25 V/V at 120 kHz and —100 
V/V at 5 kHz. Estimate the closed-loop gain at low frequencies and the corresponding 3 dB frequency. 
What is f, for the op amp used? (Be careful!) 


2.45 An amplifier intended for very-high-frequency operation, yet characterized by a single-pole rolloff, has / 
= 100 MHz and A, = 20 V/V. For a design in which the actual (rather than the nominal) closed-loop 
gain is -10 V/V, what 3 dB frequency results? 


SECTION 2.8: LARGE-SIGNAL OPERATION OF OP AMPS 


2.46 An op-amp circuit operating from #10 V supplies has L+ and L— of +8 V and —8.5 V respectively, and a 
closed-loop gain of —10 V/V. What is the peak-to-peak value of the largest possible input sine wave 
having zero average, for which the output is not distorted? 


2.47 An op amp has a slew rate of 10 V/usec. What is the highest frequency at which it can reproduce a 6- V 
peak-to-peak triangle wave at its output? 


2.48 Find an expression for the amplitude of the sine wave for which the small-signal and large-signal (SR- 
limited) bandwidths are the same. When the small-signal bandwidth is 0.5 MHz and the slew rate is 2 
V/usec, what is the amplitude for which equal bandwidths result? 


SECTION 2.9: DC IMPERFECTIONS 


D 

2.49 For an amplifier operating with +4 V saturation limits at a closed-loop gain of —100 V/V, what input 
offset voltage is required to assure less than 1% reduction in output swing capability due to offset? 

D 


2.50 An inverting amplifier with gain of -100 V/V and an input resistance of 100 kQ, uses an op amp with 1 
mV offset, a bias current of 30 nA and an offset current of 3 nA. What output offset results with a) a 
basic uncompensated design b) a bias-current-compensated design? In the latter case, what compensating 
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resistor do you use? Which offset source dominates in each case? What is the net output offset if the 
dominant source is halved? 


If the amplifier in P2.50 above is capacitor-coupled at the input, what output offset results in the basic 
and compensated designs? What compensation resistor should be used? 


Design a direct-coupled inverting op amp with a gain of —100 V/V, the highest possible input resistance, 
and an output offset <0.5 V, using an op amp with 2 mV offset, and bias currents of 1 pA equal to 
within £10%. What is К, of your design? 


A basic integrator circuit such as that shown in Fig.2.11 on page 74 of the Text, operates from 12У 
supplies. The op amp saturates at +10У, has an input offset voltage of +2mV, a bias current of 100nA 
(directed into the input terminals), and an offset current of t10nA. For R = 10КО and C = O.ILF, an 
input voltage of zero, and an initial charge of OV on the capacitor, what is the minimum time it will take 
for the output to saturate, if imperfections lead to a) positive limiting, b) negative limiting. Consider the 
circuit shown as a means for improving operation. 


vi R C Assuming R, > Ra, what value of R, should be used? What 
do you expect the times to saturation to become now? If the 
vo bias current doubles, while the offset current remains the 
same, what (if anything) happens? For the offset voltage and 
bias current assumed to be stable at their most extreme values 
which cause positive saturation at the output, and with R, = 
10MQ, to what voltage should the wiper on R, be adjusted in 
order to reduce the rate of output-voltage change to essen- 
tially zero? 


A non-inverting amplifier using resistors of 10kQ and ІМО to achieve a high gain is found to have an 
output offset voltage of +1.8V with input grounded. When a 10kQ resistor is used in series with the 
positive input (and grounded), the output offset reduces to +0.6V. Estimate the nominal gain of the 
amplifier, and the input-bias current. What can you say about the input offset voltage and offset current? 
If the value of all 3 resistors is reduced by a factor of 10, the output offset reduces to 0.4V. What do 
you estimate the input offset voltage to be? Now, if the 10 КО resistor connected to the amplifier's nega- 
tive input terminal is capacitor-coupled to ground, what does the output offset voltage become? What 
must you now do to compensate? What does the output offset voltage now become? 
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NOTES 


45168 


Chapter 3 


DIODES 


SECTION 3.1: THE IDEAL DIODE 


3.1 For the following circuits employing ideal diodes, find the labelled currents, I, and voltages, V, measured 
with respect to ground. 


* 5V + 6V + БҮ + БУ + 6V 
1kQ le 
1kQ 1kQ Ve Vd Ve Vd 
Va Vb 
їс 4kQ 1kQ 1 КО 
la ib 

id if 

-/5V - [10V -15М -|5V 
(a) (b) (c) (d) (e) (0 
ө @ 


3.2 For the following logic gates using ideal diodes: 
i) If V4 = Vg = 5 V, and Vg = Vc = Vp = 0 V, what is the value of Vy produced? 
ii) If logic °l’ = 5 V and logic '0' = 0 V, identify the logic function performed. 
iii) If logic ’1’ = O V and logic '0' = 5 V, identify the logic function performed. 


B + 6V 
A C 
R 
B Y D Y A Y 
R R 
— (a) — (с) 
+ БМ 
R 
A Y 


siTe 
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3.3 
+ 6v 
CL))100 pa 
A Di Їр 05 
pg 02 + Бү 
ӨШ: 
в 03 о P6 For the conditions stated in P3.2 ii) above, find an expression 
for the logic function Yzf (A, B, C, D, E) of the circuit 
c D4 p 07 shown. In particular, for the input logic values stated, what is 
the logic output value? 
(1 БорА 
- |5V 
3.4 
In the battery-charger circuit shown, the sinewave input у; 15 
Rs B Rc 12 V rms, while the battery voltage varies from 12 V to 14 V 
10 Q 50 Q from the discharged to fully-charged states. Rg = 10 Q is the 


charging-source resistance, D is an ideal diode and 

= Rc = 50 Q is a current-controlling resistor established by the 

ne designer. Sketch and label the diode-current waveform for 

жале Vg = 12 V. What are its peak and average values? What do 
the peak and average diode currents become when Үд reaches 
14 V? 


3.5 Find the currents Г, /2, 13, 14 in each of the diodes Dj, D2, D3, D4 of the circuit shown. What Vo 
results? The diodes are assumed to be ideal. 


+ 8V + 8V 
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SECTION 3.2: TERMINAL CHARACTERISTICS OF JUNCTION DIODES 


3.6 


3.7 


3.8 


3.9 


3.10 


А very small discrete silicon diode (a "100 pA diode") is found to conduct 100 A at 0.700 V and 1 mA 
at 0.815 V. Find the values of n and Js; which correspond. 


A diode for which n = 1 conducts 0.1 mA at 0.7 V. Find its voltage drop at 1 mA. For what current is 
its voltage drop equal to 0.815 V? 


A 10-A silicon diode for which n =2 is known to have a forward voltage drop of 0.700 V at 10 A. 
What is the junction voltage at which it conducts 10 mA? 10 nA? 


A particular "1 mA diode", which at 25° C conducts 1 mA at 0.7 V, is operated at 95° С in a circuit 
which provides it a constant 100 A current. What does its junction voltage become if n = 2? 


For the diode described in P3.9 above, the leakage current at 25" C is 1 nA. What does it become at 95° 
C? at 100° C? 


SECTION 3.3: PHYSICAL OPERATION OF DIODES 
NOTE: For a summary of important relationships and values of particular parameters or physical con- 
stants not stated explicitly in the following problems, please consult Table 3.1 on page 156 of the Text. 


3.11 


3.12 


3.13 


3.14 


3.15 


3.16 


CL* 
3.17 


At a particular temperature, the fraction of ionized atoms іп a piece of silicon is 10". If the material is 
doped to a level of 1 in 10" with acceptor atoms, what is the net concentration of holes and electrons in 
the resulting material? 


Using Equations 3.6 and supporting data following it, find the intrinsic carrier density n; at 200K, 300K 
and 400K, that is in the + 100 °C range at and around room temperature. What is the % increase in con- 
centration for the 100 °С rise above room temperature? At 127 °С, what fraction of the silicon atoms are 
ionized? 


Find the resistivity of a) intrinsic silicon and b) n-type silicon with Np = 10! ст”. Use 
n; = 1.5 х 10'%m3 with р, = 1350cmW, and Ш, = 480ст УУ, for intrinsic silicon, and mobility reduc- 
tion to 80% for the doped material. To what values will the resistivity change in each case for a 100 °C 
rise in temperature of the material? 


For a pn junction in which the n region is doped at ten times the concentration of the p region, in what 
region is the depletion region largest? By what factor? 


For a junction in which the built-in voltage is 0.7У, what are the doping-concentrations in the two 
regions if: a) they are equal, b) they are in the ratio 10 to 1. [Hint: Use Eq.3.18 in the Text.] For each 
case, what is the width of the depletion region and the distance it extends each side of the junction? For 
a junction that is 30 pm by 50 um in size, what is the magnitude of the uncovered charge on each side? 


For a particular reverse-biased pn junction, the terminal current is 10 nA. If the drift current at the 
operating temperature is 15 nA, what must the voltage-dependent diffusion current be at this particular 


reverse voltage? 


Find an expression for the charge фу formed on either side of the junction in terms of the applied reverse 
voltage Vp, as represented in Fig. 3.14 of the Text. Calculate the value of ду) which applies to the 
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junctions described in P3.15 above, for Үр = ОУ, 10V and 11V. Use the latter pair of values to estimate 
the junction capacitance. Calculate this more directly at Va = 10.5V, using Equations 3.25 and 3.26 on 
pages 148 and 149 of the Text. If the junction is not abrupt, but has a grading coefficient m = 1/3, what 
are the expected capacitances att Va = 10.5 V? At Ve = 100V? 


At a particular operating point of a reverse-biased pn junction, a change of 1 volt produces a transient 
current increase corresponding to a net charge flow of 0.1 pC. What is the corresponding depletion capa- 
citance of the junction at this operating voltage? 


For a particular junction for which 21.6, a capacitance C; of 1.8 pF is measured for a reverse junction 
voltage of 2 V, and 0.2 pF for a voltage of 10 V. What arc the comesponcing values of Vo, Cjo and С, 
at 0 V? 


A particular pn junction for which the breakdown voltage is 120 V, can dissipate 50 mW while maintain- 
ing its junction temperature at a value low enough to avoid permanent junction damage. What continu- 
ous reverse current flow appears likely to cause permanent failure? If reverse current flows only 10% of 
the time at the peaks of a cyclic applied voltage, what peak current can be tolerated? 


In a diode intended for high-speed switching, the excess-minority-carrier lifetime for holes is 1 ns. Using 
the value of hole mobility in doped silicon from Ex. 3.12 on page 143 of the Text, and the Einstein rela- 
tion (in Eq. 3.12 on page 141), find an estimate of the diffusion length in the forward-conducting diode. 
For this diffusion length, at what distance from the depletion-region edge will the excess hole density 
reach 10% of its value there? 


For a Зит х Spm junction, with N4 = 10'7cm? and Np = 10'9cm?, in which minority-carrier lifetimes 
are t, = l ns and t, = 2 ns, hole and electron mobilities are 400 and 1100 cm”, respectively, find Is. 


Using Eq. 3.6 of the Text, evaluate the temperature dependence of Js (as defined in Eq. 3.34 there) in 
ФРС at room temperature (say 300K). 


For the diode in P3.22 above, conducting a 1 mA current, what fractions of the current are carried by 
holes and by electrons? Estimate both the hole and electron minority stored charges. What is the mean 
transit time tr of the diode? What is the associated small-signal diffusion capacitance? 


For a junction conducting 1 mA at 700 mV, for which л = 2 and a diffusion capacitance of IpF is asso- 
ciated, what is the value of т, which applies? For a junction 10 x larger what would tr be? In the ori- 
ginal junction, what is the total stored charge at ША? At 10 mA? 


Use the relationships given for charge Q in Eq. 3.38 on page 154 of the Text and thereafter, to calculate 
the diffusion capacitance of a junction characterized by n, v, i in the diode equation. 


SECTION 3.4: ANALYSIS OF DIODE CIRCUITS 


3.27 


A diode described by the exponential characteristic of Fig. 3.20 on page 159 of the Text is connected to a 
source whose Thevenin-equivalent voltage is Ут and resistance is Rr. (Note that Vr is a Thevenin vol- 
tage, not a thermal voltage!} Draw load lines and find operating points (Vp, Ip) for: 


(а) Vr=1V, Ку = 1000, 
(5) Үг = 0.9 V, Кт = 100 О, 
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(c) Иг = 0.9 У, Rr = 90 Q. 
Note that the graphical process, while tedious for a single analysis, can be quite effective if a variety of 
related or similar situations are to be evaluated. 


Determine the diode current Їр and voltage Vp for the circuit in Fig. 3.18 on page 157 of the Text, with 
Vpp = 1.0 V and R = 100 Q. Consider the diode to be much like the one sketched in Fig. 3.20, having 
a current of 1 mA at a voltage of 0.7 V, exhibiting a voltage change of 0.1 V per decade of current 
change. Use an iterative solution of the diode logarithmic voltage-current relationship. 


Repeat problem P3.28 above utilizing a pieccwisce-linear diode model whose parameters are Уро = 0.65 
V and rp = 20 Q. | 


Repeat problem P3.29 above utilizing a lower-resistance piecewise-linear model whose parameters are 
Уро = 0.70 V and rp = 10 Q. What do Їр and Vp become if a simple 0.75 V battery model (for which 
rp = 0 ©) is used? 


In the context of the sequence of problems P3.28, 3.29 and 3.30 preceding, note that the degree of ade- 
quacy of a simple model depends on the choice of its parameters in the particular context. To illustrate 
this dependence, consider the circuit Figure 3.18 of the Text, with Vpp reduced to 0.8 V while R remains 
at 100 Q. Find the operating point (Vp, Ip ) for: 


(a) а diode characterized by Fig. 3.20 on page 159 of the Text, by plotting the load line, 
(b) a piecewise-linear diode for which Vpg = 0.65 V and rp = 20 Q, 

(c) a piecewise-linear diode for which Vpg = 0.70 V and rp = 10 Q, 

(d) а constant-voltage model with Vp = 0.75 V. 


A series string of 5 diodes is connected through a resistor R to a 10 V supply. For diodes having 0.7 V 
drop at 1 mA and a 0.1 V/decade characteristic, find R required to establish a total diode-string voltage 


of 4.0 V. 


In problem P3.32 above, if R is reduced to 500 Q, what does the voltage across the string of 5 diodes 
become? 


A 1-mA diode having a 0.1 V/decade characteristic operates from a constant-current supply with 
Vp = 0.8 V. If it is shunted by two more identical diodes, what does the voltage drop become? 


SECTION 3.5: THE SMALL-SIGNAL MODEL AND ITS APPLICATION 


D 
3.35 


3.36 


A junction diode for which n=2 operates in a particular circuit with a current that varies over the range 
0.1 mA to 10 mA. What is the diode incremental resistance at the extreme values of current? If you 
were asked to state an "average"resistance, which would be "best" — an arithmetic mean (гу + r2)2, or a 
geometric mean (7 r;)^? Calculate both, as well as the resistances at 5.05 mA and at 1 mA (the mean 
currents of each kind). What do you conclude? 


A diode for which п = 2 operates in a circuit for which the current is essentially a constant value of 2 
mA. Find the corresponding diode incremental resistance. A second identical diode is used to shunt the 
first. What does the current in each diode become? What is the incremental resistance of each? What is 
their parallel combination? What can you conclude about the relation of diode incremented resistance to 
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In the circuit shown, vs is a sine wave of amplitude 
V and Cç is a large capacitor which blocks direct- 
current, and allows all of Z to flow in D. For 
Rs = 1kQ апа vs < 10 mV, find vo/vs for I = 10, 
1, 0.1 and 0.01 mA. Use n = 2. 


In the circuit shown, vs is a small signal having a 
relatively low source resistance. /, = [= I is vari- 
able. All diodes are identical, with n = 2. For 
Vo = Vs = OV, how does the current J split among 
the diodes? In general, as the output voltage varies, - 
what is the relationship amongst the diode currents? 
Find an expression for the Thevenin-equivalent 
source resistance seen by А; as a function of I for 
Vs around zero volts. For R; = 10 KQ, find vo/vs 
for Т = 1 mA and 1 pA. For which current is the 
input signal size most critical? 


What is the peak signal for which reasonably linear operation is possible at J = 1A? Note that this cir- 
cuit, when compared to that in P3.37 above, gives you a preview of a general principal that you will see 
much more of in your Text. It is that an increased use of semiconductors (such as in the diodes and the 
current sources, here) reduces the need for other (often much larger) components (such as the capacitor 


Cc in P3.37). 


For the design described in problem P3.32 above, of a 4.0 V regulator using five diodes and a 600 Q 
resistor with a 10 V supply, the supply voltage is found to vary by 41090. What output-voltage variation 
results? Use n = 2. If, separately, a load of 2 mA is applied to the output, what drop in output voltage 
would you expect? For both low input voltage and maximum load, what is the lowest output voltage you 
would find? Express the resulting changes in output voltage (for supply variation alone, load variation 
alone, and both together) both in absolute terms and as 90 changes. 


For a particular pn junction, the following measurements are taken: 


Cj = 0.8 pF at v, = 1 V reverse bias, 
Cj; = 0.2 pF at v, = 5 V reverse bias, 
Cj = 0.1 pF at v, = 10 V reverse bias, 


Cr = Cj + Ca = 10 pF at oy = 0.70 V where i; = 1 mA, 


га = 50 ati; = 1 mA. 


Find Cjo Vo, m,n, Тг. What is Ст = С; + Са at if = 10 mA? 
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For a diode 10 times the junction area of that in P3.40 above, find ry, Cy, Су, Cr at ip = 5 mA forward 
bias and C; at 10 V reverse bias. 


SECTION 3.6: OPERATION IN THE REVERSE BREAKDOWN REGION - 


3.42 


3.45 


ZENER DIODES 


А 6.8 V Zener diode specified at 5 mA to have Vz = 6.8 V and rz = 20 О with Jz, = 0.2 mA, is 
operated in a regulator circuit using a 200 Q resistor and a 9 V supply. Estimate the knee voltage of the 
Zener. For no load, what is the lowest supply voltage for which the Zener remains in breakdown opera- 
tion? For the nominal supply voltage, what is the maximum load current for which the Zener remains in 
breakdown operation? For half this load current, what is the lowest supply voltage for breakdown opera- 
tion? 


For the situation described in P3.42 above, what are the line regulation and load regulation (as defined in 
Equations 3.60 and 3.61 in the Text). 


For the situation described in P3.42 above, a modified design is required for the situation in which the 
supply variation is 4590, the Zener-diode nominal voltage variation is 3%, and the load variation is 
from 2 to 10 mA. Find the value of R for which the minimum Zener current is 2 2 Iņ. For this situa- 
tion, what are the limits on the output voltage produced? Assume rz = 20 Q and Jy = 0.2 mA for all 
available zeners. 


A designer needing a well-regulated 15 V supply in an application where a poorly-regulated 24 V source 
is available, considers the use of a shunt regulator string consisting of a series string of two 6.8 V Zeners 
and two junction diodes. Available Zener diodes are specified to have Vz =6.8V at 20 mA with 
rz = 5 О. Available junction diodes are 10-mA types modelled at 10 mA by a 0.7 V drop and a 2.5 Q 
series resistance. Design a suitable regulator for desired operation with a 15 mA nominal load. What 
does the output of your design become if the supply is 10% high, the series resistor is 5% low, and the 
load is accidentally removed? What is the power dissipated in each 6.8 V Zener under the worst combi- 
nation of these conditions? 


SECTION 3.7: RECTIFIER CIRCUITS 
3.46 A half-wave rectifier using diodes for which Ур = 0.7 V, is supplied by an 8 V rms sine wave at 60 Hz. 


3.47 


3.48 


What is the peak value of the output voltage for very light loads? For what fraction of a cycle does the 
diode conduct (first approximately, and then more exactly)? What is the average value of the output vol- 
tage? What is the peak-inverse voltage across the diode? Now, if the diode resistance is 10 О, the 
source resistance is 50 О, and the load resistance is 1 КО, what do the peak and average output voltages 
become? [Hint: The average value of half-sine wave of peak amplitude Vp is Vp/t.] 


In a half-wave rectifier employing an 8 V rms sine-wave supply and driving a 1 КО load, a 6.8 V Zener 
diode connected with its cathode at the output is accidentally substituted for the rectifier diode. Using 
6.8 V and 0.7 V drops for diode conduction in the two directions, sketch the output voltage. What aver- 
age value of the output voltage results? [Hint: The average value of a half-sinewave of peak amplitude 


Vp is Vp/t.] 


In a full-wave rectifier, using a centre-tapped transformer winding with full-output voltage of 16 V rms, 
and having a 1 kQ load, 6.8 V Zener diodes are accidentally installed in place of high-breakdown diodes, 
but with the same cathode polarities. Sketch and label the output voltage waveform in the event that the 
total-winding equivalent resistance is 100 Q. What peak diode currents flow? 
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A transformer secondary winding whose output is a 12 V rms sinusoid at 60 Hz is used to drive a bridge 
rectifier whose diodes’ conduction can be modelled as 0.7 V voltage drops. The load is a 1 kQ resistor. 
Sketch the load waveform. What is its peak value? Over what time interval is it zero? What is its aver- 
age value? What is the PIV for each diode? [Hint: The average value of a full-wave rectified sinewave 
of peak amplitude Vp is 2Vp/t.] 


A half-wave rectifier employing a 12-V-rms 60-Hz sine-wave source and no dc load is filtered using a 
polarized electrolytic capacitor having a small leakage current. For diodes assumed to have a 0.7 V drop 
independent of current, characterize the resulting output. What is the P/V required of the diode? 


To the circuit in P3.50 above, a load which can be modelled as a 1 mA constant current is connected. If 
an output ripple of 0.4 V pp results, what is the value of the filter capacitor used? For half this ripple, 
and double the load current, what capacitor is necessary? In each case, what average current flows dur- 
ing the diode's conduction interval? 


For both situations described in P3.51 above, but with full-wave rectification, what capacitor values are 
necessary? What average diode currents flow? What diode PIV is required? 


A design is required of a full-wave rectifier with capacitor filter to supply 12 volts dc to a 100 Q load. 
A ripple voltage of less than or equal 0.4 V pp is necessary. Diodes are assumed to conduct with 0.7 V 
drop. Characterize the required 60 Hz transformer secondary, the capacitor and the diodes. For the 
diodes, provide the required P/V and the peak-current ratings. | 


Consider a full-wave bridge rectifier operating at 60 Hz from a single transformer-secondary winding 
having a 1.0 Q equivalent internal resistance and 20 V pp open-circuit output. The load consists of a 
1000 uF capacitor and 200 Q resistor in parallel. Consider the diodes to have a constant 0.7 V drop dur- 
ing conduction. [Hint: To characterize this situation, first consider the ideal case of a zero-impedance 
source, finding the usual parameters, including the average diode current during conduction.] Assuming 
the diode current to be a triangular pulse, limited by some combination of the sinewave slope and the 
charging-circuit time constant, find the corresponding average voltage drop in the transformer resistance. 


SECTION 3.8: LIMITING AND CLAMPING CIRCUITS 


3.55 


CD* 
3.56 


+ 23V For the passive symmetric hard limiter shown, find the upper 
and lower limiting levels (including a 0.7 V diode drop), the 
| | gain К, and the upper and lower input threshold levels. 
vi 10kQ vo What is the input current required from an input which is 
twice the upper threshold value? 


10 kQ 


Convert the circuit in P3.55 above to a soft limiter with K = % after limiting begins, by adding two addi- 
tional components. Add two more components (and additional power supplies) for hard limiting at 45.0 
V. Using the new supplies and two more components, create an equivalent circuit having the same hard- 
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and soft-limiting characteristics, but only two power supplies.) [Hint: Your final circuit should employ 
six resistors, four diodes, and two power supplies!] 


Design a passive symmetric high-gain pseudo-hard-limiting circuit using four diodes for 41.4 V limits. 
Use only a connection to ground (that is, use no supplies) This limiter is to be used to create an 
approximation of a square wave from a sine-wave input. For what peak-to-peak amplitude of thc sine 
wave is the rise and fall time of the pseudo-square wave <5% of the wave period. What resistor is 
required for a peak diode current of about 10mA? 


А simple clamped-capacitor circuit such as that shown in Fig. 3.56 of the Text, utilizing a capacitor C 
and grounded-cathode diode, has a square-wave input with upper and lower levels at 100 V and 10 V 
respectively. Describe the resulting output for a very high-resistance load to ground and a 0.5 V diode 
drop at very low currents. What happens as the load resistance R reduces? Describe the output 
waveform when RC = 2T where T is the period of the input square wave. 


А voltage doubler, consisting of a clamped capacitor and a half-wave rectifier, operates at 20 kHz using 
two 0.1 uF capacitors. For a sine-wave input signal of 100 V peak, what output voltage would you 
expect at no load? For a peak-to-peak ripple voltage of 576 of the peak voltage, what average output vol- 
tage would you expect? What is the load current for which this situation applies? 


Consider the detailed operation of an unloaded half-wave doubler circuit with positive output using equal 
capacitors C and driven by a 100 V pp square wave. In particular, follow the cycle-by-cycle operation 
immediately upon turn-on, with the output voltage initially equal to zero and the input low. What is the 
output voltage after the first half cycle (after the input has risen by 100 V and fallen again)? After the 
first cycle (just after the input rises again)? After the first two cycles? After four cycles? After eight 
cycles? Sketch the output voltage against time as measured by the number of cycles. 


Continue to think about the operation of the half-wave doubler as suggested in P3.60 above. In particu- 
lar, if the load is a current which discharges a capacitor of value C by 5% in % cycle, find the steady- 
state average output voltage as a function of Vo, the peak-to-peak input (Vo = 100 V here). (Hint: Note 
a) that the total effective capacitance is 2C for half the cycle and b) that two equal capacitors when 
joined, share their charge difference equally). 


SECTION 3.9: SPECIAL DIODE TYPES 


3.62 


3.63 
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3.65 


A particular silicon Schottky-barrier power rectifier conducts 0.1 A at 0.30 V, and 1 A at 0.37 V. Evalu- 
ate п and 1, for this diode assuming that the diode equation applies. At 20 A, the rectifier diode has a 
voltage drop of 0.8 V. Estimate its series resistance. 


A small-signal silicon Schottky diode conducts 10 mA at 0.42 V with n = 1.5. If it has a series resis- 
tance of 100, what is its voltage drop at 1 mA and at 50 mA? 


A small GaAs SBD has n = 1.1 and Js = 107A. Find the forward voltage drop at 0.1 mA and at 10 
mA. 


A Zetex silicon ion-implanted hyperabrupt-junction varactor, for which the grading coefficient is m = 
0.9 and Vo = 2.2V, has a capacitance of 33 pF at a reverse bias of 2 V. Find its capacitance at O V, 1 V 
and 10 V. What is the value of Cjo? 


- 25 - 


3.66 


Ср 
3.67 


3.68 


CL* 


3.69 


3.70 


CD 
3.71 


PROBLEMS: Chapter 3—10 


A particular photodiode capable of operating over a range of wavelengths from 350 nm to 1100 nm, has 
a peak sensitivity of 0.7 uA/mW/cm? at 750 mm, and a dark current of 1.5 nA at 20 V reverse bias. 
Incidentally, intended for high-speed applications, it has a junction capacitance of 12 pF and current 
response time of 4 ns. For each 10'C rise in temperature, the dark current doubles, and the photocurrent 
increases by about 3.5%. For illumination in bright sunlight with intensity estimated at 1000 W/m?, what 
photocurrent flows in a suitably-reverse-biased diode at 25°С? At 125'C? What is the dark current in 
each case? Note the relative insensitivity of photocurrent to temperature. 


Consider the operation of the photodiode introduced in P3.66 above, in a circuit in which the cathode is 
connected to a +10-V supply and the anode to ground through a 100 kQ resistor. The photodiode is 
illuminated either directly by a light beam at 10 mW/cm? or indirectly by reflected light at 0.5 mW/cm?. 
What are the two output-signal levels available? Modify the circuit using a £5 V supply, a second diode, 
a single resistor, and a fixed-intensity light source of your choice, in order to produce а +1 V output 
signal. 


The photodiode introduced in P3.66 above, can be 
used for detecting relatively high-speed light pulses 
using the circuit shown, in which the op amp gain 
and bandwidth are large. If D is an ordinary diode 
(in a light-sealed package), what value of vg would 
result? If D is a photodiode (or even a conventional 
diode whose junction is exposed to light), what hap- 
pens? For the diode described in P3.66 above 
exposed to light of intensity of 20 mW/cm?, what 
does the output become? 


Light-> 
e 


A silicon solar panel intended to operate with a 12 V automobile battery, consists of a large number of 
large-area diodes, or cells,in series. Its commercial specifications, an optimistic combination of average, 
expected, uncoordinated-limiting-case and optimized behaviours, include the following: In bright sunlight 
(at 1000 W/m?) the panel has an open-circuit voltage at 24 V, and a short-circuit output current of 110 
mA. The panel generates a maximum load power at 17.5 V (where at higher voltages the forward con- 
duction loss reduces available load current significantly). Nominal operation (in the battery environment) 
is at 14.5 V with nominal 100 mA output current. At what power level is the panel normally operating? 
If each diode has a forward-conduction voltage of 0.67 V at around 10 mA, how many series diodes are 
used in the panel? Estimate the value of n for these diodes and the corresponding current lost to diode 
forward conduction at the normal operating voltage of 14.5 V. 


A GaAs LED producing red light at 635 nm operates at 10 mA with a junction voltage of 1.9 V. What 
is the corresponding input-power level? This diode has a 60 mW power rating. If the junction is charac- 
terized by п = 1.2, what current and voltage correspond to operation at half the maximum rated power 
level? The LED is to be driven by a logic gate for which Voy, = 0.5 V, using a series resistor connected 
to а+ 5 V supply. What resistors are needed for operation in the low- and high-current modes suggested 
above? 


A particular opto-isolator, the Siemens IL 300-Х016, available in a wide-body 8-pin dual-in-line package, 
includes three optically-coupled diodes — one emitter diode and two detector diodes — with physical 
separation between diodes capable of withstanding 7500 V. The two detectors are closely matched to 
allow feedback from one of them to the emitter driver circuit to ensure a linear relationship between the 
input current and the output current from the second isolated detector diode. For the AlGaAs emitter 


- 26 - 


PROBLEMS: Chapter 3-11 


LED, the operating point is typically at 1.25 V and 7 mA. For the detector, the corresponding open- 
circuit voltage is about 500 mV, and the short-circuit current is about 70 ДА. Overall, the current- 
transfer gain is specified to be within the range from 0.6% to 1.6%. For what mode of operation are the 
detector diodes specified? For an emitter current of 5 mA, what is the range of short-circuit diode 
currents you would expect? Sketch an isolating driver and receiver system using two op amps and a 
small number of resistors, operating from two isolated sets of + 5 V supplies. 
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NOTES 


298.5 


Chapter 4 


BIPOLAR JUNCTION TRANSISTORS (BJTs) 


SECTION 4.1: PHYSICAL STRUCTURE AND MODES OF OPERATION 


4.] 


4.2 


Various transistors, either npn or pnp are measured with the following voltages on their terminals 
labelled E, B, C. Identify the likely transistor type and its operating mode: 


The BJT transistor, whose simplified structure is shown Fig. 4.2 of the Text, has two junctions, each of 
which can be either forward-biased or reverse-biased. How many different modes of operation are possi- 
ble? What is missing from Table 4.1? It is called the inverse or inverted or reverse mode of which 
something is said on pages 234 and 308 of the Text. This mode is relatively rarely used directly, except 
in one form of BJT digital logic (called TTL), but can occur in the dynamic operation of other more- 
conventional circuits. | 


SECTION 4.2: OPERATION OF THE NPN TRANSISTOR IN THE ACTIVE MODE 


4.3 


44 


4.5 


4.6 


A particular npn transistor operating at about 25'C conducts a collector current of 2.0 mA at a base- 
emitter voltage of 0.70 V. For an IC process in which n = 1, what is the value of the saturation current 
Is? For this device, № = 10'¥cm? where Ц. = 1100 cm7Vs. Find the value of D, which applies, and 
estimate the emitter-base junction area Ag in terms of the effective base width W. What does it become 
for W = 2um? [Hint: Use Equations 4.4 and 3.12 with n; = 1.5 x 10'%em3, q = 1.6 x 1079С.| 


For a transistor which is 100 times larger in emitter-base junction area than that described in P4.3 above, 
find the value of /$, the current at Vgg = 0.70 V, and the voltage at 1.0 mA, which apply. What do /$ 
and Vgg (at 1 mA) become if the temperature is raised by 100°C? [Hint: Use Equations 4.3, 4.4 and 


3.6.] 


A particular npn transistor has an emitter area of 20um x 20um. The doping concentrations are: 
Np = 10'%m?3 in the emitter, № = 10!7cm? in the base, and Np = 10'%m? in the collector. The 
transistor operates at Т = 300K, where n; = 1.5 x 10'%стЎ. For electrons diffusing in the base: L, 
19um and D, =21.3cm%. For holes diffusing in the emitter, Lp = 0.6 um and D, = 1.7cm? 5 and 
q = 1.60 x 10-19 C. For base widths W = lum and 0.lum, and Oar = 700 mV, calculate nyo, n, (0), In, 
Ig, ic, В, œ. [Hint: Use Equations 4.1, 4.2, 4.3, 4.4, 4.12, 3.30.] 


Using the information provided in P4.2 in the Text, find the value of base width W for which В is a) 
1000, b) 2000. | 
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4.8 


4.9 


4.10 


4.11 


4.12 


4.13 


4.14 
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A particular BJT for which n = 1 has a base-emitter voltage of 0.650V at ic = 10pA. What value of Iş 
applies? By what factor must the base-emitter junction area be increased to provide a 0.500 V drop at 
10ДА? For what current does this large junction have a base-emitter voltage of 0.650 V? 0.700 V? 


A particular npn BJT operates in the active mode with ic = 10 mA, ig = 754A, and Vgg = 0.69 V. 
With a view to providing values for all the parameters in the large-signal T models presented in Fig. 4.5 
of the Text, find the corresponding diode scale currents, as well as с and f. 


Measurements made on the emitter and collector currents of a particular BJT show values of 0.753 mA 
and 0.749 mA. Assuming these results to be accurate to within £1 in the third decimal place, find the 
range of œ and B which may apply. 


For the transistor and situation described in P4.3 above, find the stored base charge at ic = 2 mA. If the 
common-emitter current gain B is found to be 120, and assuming recombination to be the dominant 
source of base current, estimate the minority-carrier lifetime тр. 


A particular npn BJT operates with the base-emitter junction forward-biased, with the base-to-emitter vol- 
tage being 700 mV. For active-mode operation, in what range must the collector-to-base and collector- 
to-emitter voltages lie? When the transistor is appropriately biased in the active mode, the collector 
current is found to be 10 mA. What is the corresponding value of /s for this transistor if n is assumed 
to be 1? Under the same conditions, the base current is found to be 100 НА. What is the value of В for 
this transistor? If measured, what would the emitter current be found to be? 


For the devices and situations described in the following table, provide the missing entries. Line a) is 
given completely by way of example. 


ud Ic Ig Ig 
mA mA mA 


[аныны ыбаа ынан Кында жаанын Былаан эе аланны ынга б-а аан айныма ааыа ананайын ды даралана нынын бышаар нана ы DEREN 


Note that transistors like device f) are constructed with very thin bases in order to achieve high ф, but 
suffer accordingly from reduced breakdown-voltage ratings. 


Of the first-order large-signal equivalent-circuit models of an npn BJT shown in Fig. 4.5 of the Text, con- 
sider the two which employ œ and p explicitly. Draw these side-by-side to emphasize current flow 
directly from collector to emitter with base current entering from the left (the final shape can be called a 
"tilted T", or, in the spirit of livestock branding in the far west of North America, a "Lazy T" or, simply, 
а T (model)) Label all currents and Ugg in each case. What two labels can be applied to each of the 
two controlled current sources? | 


A particular BJT operates in its usual current range with Ugg = 0.7 V, and ic = 1 mA. What would be 
its Ugg at ic = 0.1 ДА for n = 1? Repeat for n = 2. 
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For a "1 mA transistor", that is, one for which ic = 1 mA for Ugg = 700 mA, the collector-base reverse 
current, Їсво, is 0.1 nA at 25°C. Device B is nominally 100. For a transistor operating with its base 
open-circuited (in which case /сво constitutes the only source of base current), what collector current 
flows, at 25°C? At 95°C? 


For a particular BJT fabricated in the style shown in Fig. 4.6 of the Text, the collector-base junction is 
100 times larger in area than the emitter-base junction. If, for this device, normal B = 150, what would 
you expect it to become if the roles of emitter and collector are reversed? That is, estimate fg. 


SECTION 4.3: THE PNP TRANSISTOR 


4.17 


4.18 


For the accompanying equivalent circuit of a pnp 
transistor (drawn to emphasize the direction of 
current flow), œ = 0.975. For an external current 
extracted from the base, /p = 10 НА, what collector 
and emitter currents would you expect? If for this 
device, Ugg = 0.70 V at Ic = 1 mA, what value of 
Veg would you expect? (Assume that n=1) 


For a particular pnp transistor for which Dg has a scale current of 1077 A, and Dg has a scale current of 
10^!! A, calculate В and ic for Ugg = 0.643 V, for n = 1. 


SECTION 4.4: CIRCUIT SYMBOLS AND CONVENTIONS 


4.19 


4.20 


The operation of the BJT in this circuit can be shown to be con- 
veniently independent of device parameters. Of course, it requires the 
complexity of the current sink 7. However, this will be shown later 
(in Sections 4.10 and 6.4 of the Text) to be relatively simply con- 
structed in an integrated-circuit environment. Specifically, for opera- 
tion of this circuit, consider various different devices for which Ugg 
varies from 0.6 to 0.8 V at 1 mA with В variation from 10 to 300. 


(a Бог/ = 1 mA, what is the range of values expected for emitter 
current ig, emitter voltage Vg and collector current ic? 


(b For Vcc = 10 V, Re = 5 КО, what is the corresponding 
expected range of values of Vc? Does variation of Vg from 
device to device make any difference? 


(c) To ensure operation in the active mode, осв 2 0. What is the 
largest value of Rc which maintains active-mode operation? 


Reconsider the situation described in P4.19 above, modified to include an additional (signal) current 
source ig connected to the emitter. For our purposes here, ig can be considered to be a sine-wave 
current with peak amplitude of 0.1 mA, that is 1/10 of the emitter-bias current / = 1 mA. For this situa- 
tion, express the collector current ic in terms of /, ig and о. What is the largest value of ic for a) very 
high B, b) B=10? Under these conditions, what is the largest value you can use for Rc to ensure active- 
mode operation? [Recall that Vcc = +10 V.] For this value of Rc, what is the peak-to-peak value of the 
signal voltage uc at the collector that is produced for a) very high D and b) D = 10? 
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4.21 Reconsider the situation described in P4.19 above in which / is implemented using a resistor Rg and a 
negative voltage supply. With a –10 V supply what value of Rg ensures Jp = 1 mA for a transistor for 
which Увс = 0.7 V. For Кє, select a "pseudo-standard value", one specified to two significant digits, 
chosen to produce a current on the high side of your calculated value. Now, for Vgg varying from 0.6 V 
to 0.8 V, B from 10 to оо, and Rg by +1%, what is the largest available collector current? Now chose Rc 
as large as possible while ensuring active-mode operation. For Кє, select a pseudo-standard value (as 
specified above) on the low side. What is the lowest possible value of vc for your chosen Rc varying 
by +1%? 


SECTION 4.5: GRAPHICAL REPRESENTATION OF TRANSISTOR 
CHARACTERISTICS 
4.22 A BJT which conducts ic = 10 mA at Vgg = 0.7 V and 25°C is operated with Vpgg fixed at 0.62 V. 
What is the collector current at 0°С, 25°С and 50°С? Assume л=1. 


4.23 A BJT operating at a fixed Vgg is found to have ic = 2.1 mA at Vcg = 2 V, and ic = 2.19 mA at Vcg = 
9 V. What is its output resistance rg at this current level? What value of V4 corresponds? What would 
its output resistances be at 0.1 mA and 10 mA (approximately)? 


4.24 A BJT for which V4 = 200 V operates at Veg = 5 V at a current of 100 pA. What would its current 
become (provided breakdown does not occur) if Vcg is raised to 50 V? | 
SECTION 4.6: ANALYSIS OF TRANSISTOR CIRCUITS AT DC 


L 


4.25 For the following circuits, find node voltages, Vg, Vc, and branch currents Zg, /с, 18. Use 
Vaz = | Veg | =0.7 V and B = 50. | 
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D 


4.26 For the circuits shown in P4.25 a), b) above, find emitter and collector resistors (to replace the present 
ones) such that Zg = 0.5 mA and Vgc = 0 for = 1. 


4.27 For the following circuits in which | Ув | = 0.7 V and В = 10, find the collector, emitter and base 
currents and voltages. 


+ 10М — «10V 
*10V + 10У + 10У 


100 КО 22 ка 


100 ер ка 10 kQ 


— (a) == — (b) — — (c) 


* 10V 


100 КО 22kQ 


100 КО $5 ка 


-(10V — -|10V 


4.28 For the following circuits in which | Үд | = 0.7 V and В = 20, find the collector, base and emitter vol- 
tages and currents. 


* 10V + 10V EX 
10 kQ 10 kQ 10 kQ 
 100kQ 
ока 09) 10 KQ 10 КО 
- 10У - оу - юу 


dde 
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4.29 + 10V + 10V 2 
For the circuit shown, find the voltages at the base, 
emitter and collector for В = оо, 100 and 10. 
R1 R4 Assume Иве = 0.7 V. 
100 КО 3.3 kQ 
R3 
3.3 kQ 


4.30 For the circuit of P4.29 above, for what value of B does the emitter current reduce to 80% of that for 


zoo? 


4.31 | 
For the circuit shown, find Jz and Vcg for Vgg = 0.7 
+ 9V + OV V and 
a) B = e 
b) B = 100 
20kQ 22КО c) B = 10 
10kQ o1kQ 


| 


+ 10V + 10V + 10V + 10V 
мод h kQ 
100 kQ 
33 kQ 68kQ 51ка 
= = (c) = = (d) 


zd s 
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4.33 +15V 

For the circuit shown, find the labelled node voltages 
when p is a) ee, b) 100. 

200kQ 


Va 
100kQ 


SECTION 4.7: THE TRANSISTOR AS AN AMPLIFIER 
4.34 What values of transconductance apply to BJTs biased at 1 pA, 100 pA, 1 mA, and 100 mA? 


4.35 For the current levels listed in P4.34 above, what equivalent small-signal input resistances model орсга- 
tion as seen at the emitter? At the base, for B = 100? 


D 


4.36 In the design of a particular amplifier, a young engineer considers the use of bias currents Jg, from 0.1 to 
10 mA. Unfortunately, the application requires that the dc voltage across the load resistor be held con- 
stant to provide correct biassing of a connected amplifier stage. Find the range of gains she can expect 
from this gain stage. 


4.37 A particular amplifier utilizes a BJT biased at /g = 100 НА and having B = 150 to drive a load of 10 kQ. 
For the emitter grounded for signals, what is the input resistance at the base, and the voltage gain from 
base to collector? 


4.38 

What is the voltage gain v,/); of the amplifier shown? Note that 
capacitor С grounds the base of the amplifier for ас signals. Note 
that the gain is essentially independent of D (although the dc voltage 
Vo is not). What is the input resistance "seen" by the source v,. 
What does the gain 0,/0, become if the source resistance is 75 Q. 


SECTION 4.8: SMALL-SIGNAL EQUIVALENT-CIRCUIT MODELS 


4.39 A BJT having a particular D and bias current, has a resistor rg added in series with the emitter. Use the 
T model shown in Fig. 4.27 a) of the Text to create a simplified hybrid—x model for the overall amplifier 
(including rg). For this model find gm’, Fx in terms of rg, gj, and ry of the basic BJT. What is the 
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equivalent input resistance (гу) and transconductance (g,,^) of the modified amplifier, for В = 100, [c= 1 
mA and rg = 37? _ 


An appropriate choice of one of the BJT models of Figs. 4.26 and 4.27 of the Text, often makes the solu- 
tion of a particular problem somewhat easier. To illustrate, find the gain v,/v, for 

each of the circuits below using the model(s) suggested as Iyem, Пр, Tgm» To, corresponding to Fig. 4.26 
a) 4.26 b), 4.27 a), 4.27 b) respectively. In each case, assume (for simplicity) that J; = 1 mA, 
re = 25 Q, rg = 2.5 КО, D = 100, œ = 0.99 and gm = 40 mA/V. (Note that biassing is generally not 
shown in detail). 


a) b 

Use Tgm Use Пв e) Use Пот 

(or Ta) s (or Пдт) (or Пв) 
; Vo ikQ 

10kQ 
Vs Vo 
Vs 
1kQ 
2-2 =" Va 
Use Пот 
d) Use Та e) 1ка | 
(or Tgm) Vo 
ка 10kQ 
Vo 
Vs 2.5kQ 


In the circuit shown, J = 1 mA, Кє = 7.5 КО and 
о = 0.99. What is the voltage gain v,/0,? What is 
the largest sine-wave output for which the transistor 
remains in the active region? What is the peak value 
of the corresponding input? 


+ 10V 


2-3 


442 


4.43 


4.44 
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For reasonably-linear operation of a transistor amplifier, it is customary to limit the base-emitter voltage 
swing to +10 mV around the operating point. For a transistor for which n=1, to what fraction of the 
emitter bias current does this voltage range correspond? For the circuit shown in P4.41 above, find the 
value of Rc which provides the largest-possible reasonably-linear output while operation remains in the 


linear region. 


* Vcc 


* Vcc 


vo 


+ Vec 


An amplifier employs the components shown, 
together with others that maintain 
ic, = іс? = 100 uA and Vg = Үсс/2. What is the 
gain 0,/0; for Уд = 200 V? 


Find the equivalent resistance of tbe circuit shown, as a two-terminal 


device, (i.e., find 


г = Vi) in terms of D, re, Ri, Ку. Assume that the 


transistor remains biassed at current Z. What does r become when: 
a) R 27? О, R [ 75.99 


с) Ку = К) = ғ? 


22175 


Use the hybrid-x model with g, and r, to find the 
voltage gain, A, = V/s, and the input resistance, 
К; = oV, of this circuit, assumed biassed at ic = I. 
What do these parameters reduce to when Ку = ro. 
(Hint: Use the fact that the signal at the base must 
be relatively small). 
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С' Find the equivalent hybrid-x model of the following 
circuit (called a Darlington connection) expressing 
overall values r, and g,,' in terms of Гу, 21, Гл? 


В and gm2- Now, realizing that the total collector 
current will flow predominantly in Q, and, accord- 
Qi ingly, that the parameters of Q, will differ from 
those of Q, by a factor of approximately p, (for 
E' p, >> 0), find a corresponding approximate model. 


SECTION 4.9: GRAPHICAL ANALYSIS 


4.47 


Sketch the іс — Vgc characteristics for a pnp transistor having B = 200 and V4 = 100 V. Sketch the 
characteristic curves for ig = 1, 2, 5, 8, 10 LA. Assume for this sketch that ic = Big at Vgc = 0. Sketch 
the load line for Vcc = 10 V and R = 5 kQ. Operation is defined by a dc bias current of Ig = SpA. 
Identify the operating point, and estimate its coordinates. For a triangular signal of 3 НА peak superim- 
posed on /g, find the corresponding signal component of ic and Vgc. For operation in the active region, 
defined for convenience as Vgc 2 0, estimate the maximum peak of an output triangle wave and the 
corresponding peak signal current. Sketch the output which corresponds to a superimposed base-current 
triangle wave of 10 НА peak amplitude. Assume for this purpose that Vgc can reduce to zero. For what 
fraction of a cycle is its output clipped? 


SECTION 4.10: BIASING THE BJT FOR DISCRETE-CIRCUIT DESIGN 


D 
4.48 


D 
4.49 


Consider the one-supply bias scheme in Fig. 4.39 of the Text. For Rg = Rr, above what value of B is Ig 
constant to within 190? 


Using the rule (Vig = Үсв = Үсс/3) and Кв = ВК ЛО, provide a design for the circuit of Fig. 4.39 in 
the Text, in which Vcc = 12 V and J; = 100 mA. For the BJT, B = 50 and Vgg =0.7V. Find 
Rg, Ri, R5, Rc to the nearest single significant digit. What values of Ig and Vcg does your design pro- 
vide? 


For the bias arrangement shown in Fig. 4.40 in the Text, using 45 V supplies, a design is required for 
which /g is fixed to within 5% and a +1 V signal output range is available, for B 2 20 and Rc = 1 КО. 


A design is required of the feedback-bias scheme shown in Fig. 4.41 in the Text which will maintain 
Vcg 2 0.5 V for B € 200, Vcc = 5 V and Rc = 3.6 КО, with Vgg = 0.7 V. For В > 50, what is the range 
of Iz and Vcg you achieve? 


In the situation described in P4.51 above, a designer, faced with the possibility of D being uncontrollably 
high, choses to shunt the base-emitter junction with resistor Rg. What is its value for B,, < 200? Find 
Кр to meet the other specifications. What ranges of Ig and Vcg result for B 2 50? 


Repeat P4.52 above for Bey < 100. 


For a BJT operating with the constant-current-source bias shown in Fig. 4.42a) in the Text, the manufac- 
turer specifies D to lie in a range from 40 to 200. The bias-current source operates at 1 mA for voltages 
at its upper end in the range +5У. For Vpgg 0.70У, what is the largest value of Rg that can be 
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tolerated? For this value of Rg, what is the range of dc voltages to be found at the base? For Ёр = 100 
ra at the lowest value of B, what range of base voltages results? 


A current source using the current-mirror circuit shown in Fig. 4.42b) of the Text operates from +5V sup- 
plies. Select a value of R for Г = 1 mA. Over what range of voltages V, does the current remain 
essentially constant? Use Vgg = 0.7 V and assume that linear operation is possible until Vgc reaches the 
edge of conduction at 0.5 V. 


SECTION 4.11: BASIC SINGLE-STAGE BJT AMPLIFIER CONFIGURATIONS 


4.56 


4.57 


CD 
4.58 


4.59 


4.60 


For the circuit in Fig. 4.43 in the Text, К, = 0.5 КО, Rc = 0.5 КО, І = 10 mA Vcc = Veg = 10 V. For 
the BJT, B = 100 and Ул = 100 V. Find the corresponding values of Vg, Vg, Ic and Vc. Find 
Em» Ге, Fn and ro which correspond. 


Consider the common-emitter amplifier, whose bias design was analyzed in P4.56 above. Find the values 
of Ri, Ro, Ay, Aj. What does A, become if the collector is coupled appropriately to a 500 Q load? 
Compare your results with those in Ex. 4.31 (page 285 of the Text). What conclusions can you reach 
related to resistance-scaled (or current-scaled) designs? 


In an attempt to reduce the number of components in 
a space-critical design, a designer employs the circuit 
shown, which incorporates the source resistance А; 
and load resistor А; as part of the bias design. In 
this particular situation, К; = 10 КО, Rs = 100 КО, 
В 2 90 and Уд = 100 V. Design for the highest pos- 
sible gain and an output-signal swing of 1 Vpp under 
all bias conditions. What are the extreme values of 
Vg, Үс and Іс which your design produces? What 
is the range of voltage gains 0,/0, you expect? 
What is the range of voltages 20р, and ù, which 
correspond to £1V output signals? 


A common-emitter amplifier operating between a 10 kQ source and a 10 КО capacitor-coupled load, with 
+10 V supplies, employs Rg = Rc = 10 КО. For Ул = 200 V and В ranging from 50 to 150, what range 
of voltage gains 0,/0; results? 


An alternative to the CE amplifier described in P4.59 above is considered in which a 100 Q part of Rg is 
left unbypassed. What range of voltage gains 0,/0, results? 
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4.61 + 10V 


* 10V 


vo 
Rs 


10kQ Rb1> eo 


10 КО 


Vp2 Up) Vo 


Vo 
For В = 150, find ——, Rpa, —, —— Я 
р p2 ы (77) Us Us 


4.62 Provide a design using the basic circuit in Fig. P4.84 on page 344 of the Text in which Rg (shown as 
125 О) is chosen so Rin is 10 КО for В = 50. what is its voltage gain from v,, for the load reduced 
(from 10 КО) to 1 КО? 


4.63 A common-base amplifier, biased at an emitter current of 3 mA, employs an unbypassed base resistor 
Rg = 2 КО, with Rc = 3 КО, Re =3 КО and К; = 1 КО. For f) > 150, what range of input resistances 
result? What range of voltage gains result from a 100 Q source? What does the input resistance and gain 
become if Rg = 0 Q? Note how much simplier the design now becomes! 


4.64 

For the circuit shown, evaluate Vg, Vg, Vc and /с 
for B = 100. Show capacitor-coupled connections to 
a 0 Q source, a 10 kQ load, and ground to achieve 
voltage gains of: 

a)- 41 V/V 

b) - 1 V/V (Hint: Use an extra resistor) 

c) — К, where К is large 

d) + К, where K is large 


4.65 For each of the designs created in P4.64 above, calculate the exact gains assuming | = 100, V4 = oo. 


4.66 An emitter follower biassed at 0.1 mA employs a 100 kQ base resistor and a 50 kQ emitter resistor. The 
BJT has В = 50 and Ул = 100 V. When driven by a capacitor-coupled 20 КО source and driving a 2 KQ 
capacitor-coupled load, what is the voltage gain which results? 
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+ бү 


үд 


1 KQ 


PROBLEMS: Chapter 4-13 


The circuit shown is a combination of a fol- 
lower and common-emitter amplifier (It is 
called a CC — CE cascade.), which has the 
advantage of a simple biassing structure and 
relatively high input resistance. For 
В = 100 and V4 = 100 V, find v,/, and 
Rin for the circuit a) as shown, and b) with 
R removed. [Hint: To calculate Rip, realize 
that the IMQ resistor К, has an important 
effect since at its right-hand-side, the vol- 
tage 15 v^; times that at its left; Thus for 
a test-voltage input v, at the left, the input 
current is i, -0,(1-0,/0,УК,. This is an 
example of the Miller-Effect idea introduced 
earlier in P2.11 in this book. 


SECTION 4.12: THE TRANSISTOR AS А SWITCH - 
CUTOFF AND SATURATION 


4.68 In the circuit shown in Fig. P4.97 in the Text, the transistor operates with Vcg = 0.2 V, Vgg = 0.7 V, and 
forced В of three. What must the value of Rg be? For боа S 2, what is the largest value Rg can 


have? 


4.69 
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For the circuit shown, characterize the mode of 
operation of each transistor and the voltages vy and 
Vo for v, equal to: 


Assume that Vcg ш = 0.2 V, Vgg = 0.7 V. At what 
value of forced В do Qj; and Q, operate, when 
saturated? 


4.70 


PROBLEMS: Chapter 4-14 


In the following circuits, B = 100, Vgg = 0.7 V, and Vcg sat = 0.2 V. Find Vg, Vg, Vc and the value of 
В at which each BJT operates. At what value of / does each transistor just leave saturation? 


+ 6V + 10V 
+ 6V 
10 kQ 10 kQ 100 pA 
(a) (b) 
| | 
1тА 1 mA 


SECTION 4.13: А GENERAL LARGE-SIGNAL MODEL FOR THE BJT: 


4.71 


4.72 


4.73 


4.74 


4.75 


THE EBERS-MOLL (EM) MODEL 


A particular large npn BJT is known to have a base-emitter diode whose scale curent is 2 x 107A, and 
а base-collector junction which is 40 times larger. Current gain (р is measured to be 150. For this 
transistor, what are the values of Isg, Isc, Ор, Од, and Bp? 


The transistor in P4.71 above is operated as a diode. If operation is in the forward active mode, what is 
the resulting diode drop at a diode current of 100 mA? 


In an application of the transistor in P4.72 above, the base connection is changed, being wired to the 
emitter rather than to the collector. Since the base and emitter voltages are the same, the base-emitter 
junction is cut off. What happens to the direction of current flow? What is the mode of operation 
called? What is the voltage drop between emitter and collector for a 100 mA current flow? 


A particular BJT for which By is 200 is known to have CBJ 50 times larger than EBJ. What is its value 
of Ве? This transistor is to be operated as a saturated switch with Ip = 1 mA апа /c = 0. What value 
of Иск results if the transistor is used in the normal saturation mode? 


Consider the possibility that a BJT operating with collector open, and a somewhat-variable base current, 
can be used as a very-low-voltage regulator. What value of фу applies? For base currents varying 
from 1 to 4 mA, a junction-area ratio of 10 to 1, and Bp ranging from 70 to 280, what range of 
collector-to-emitter voltages result? Note that for a range of transistors, this voltage is relatively constant, 
even for varying base currents! 
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4.77 


4.78 


4.79 


4.80 


PROBLEMS: Chapter 4—15 


A particular BJT for which Ве = 100, when 
operated as suggested in P4.75 above, with open col- 
lector and 1 mA base current, has a collector-to- 
emitter voltage of 100 mV. What is the output vol- 
tage, Ug, of the circuit shown? For J] = 1 mA and 
Кү-К,- 5002, what does Vg become? What is 
the equivalent Rcg_ of the device itself? 


Considering Table 4.4 on page 307 of the Text, prepare a table for the same transistor but with emitter 
and collector roles interchanged. What is the limiting value for forced B? Find table entries at 90%, 
50%, 20%, 10% and 1% of this value, as well as for Brorcea = 0. 


Prepare a table of saturation voltages versus Ёүогсед for an npn transistor for which Ор = 0.995 and the 
collector-junction area is 5 times that of the emitter. What is the limiting value of forced f? Tabulate 
Vcg, for Brorced Values as suggested in P4.77 above. For Ig = 10 mA and Jc = 1 mA, what voltage 


exists between collector and emitter with the transistor operated in the normal mode? inverted mode? 


For a grounded-emitter pnp transistor for which Bp = 200 and Br = 2, operated in a circuit for which 
Ів = 1 mA and Вы = 10: 
a) Calculate and label all currents in the branches of the EM model (with diodes reversed from 
Fig.4.55b). | 
b) For Iş = 107! A, find the voltages across the two junctions and Vec. 


c) Verify Vgc , using Equation 4.114. 


Use the transport model to find the current flowing 
from 0.1 V to ground in the circuit shown using a 
transistor for which Be = 50, Br = 0.1, and Vgg = 
0.70 V for ic = 10 mA in normal active mode. 


SECTION 4.14: THE BASIC LOGIC INVERTER 


4.81 


A particular version of the logic inverter circuit of Fig. 4.60 of the Text (called Resistor-Transistor 
Logic), popular in the early days of integrated circuits, used Vcc = 3V, Rg = 4500 and Rc = 6400. 
For a transistor for which Vgg = 0.70 V in saturation with conduction beginning at about 0.5 V, and 
Vcg. = ОЗУ, with B = 30, find Уон, VoL, Ин and Уд, and the noise margins for 2 cases of fanout to 


similar circuits: a) 10, b) 1. What is the voltage gain in each case for ug = 0.7 V? 
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4.82 


PROBLEMS: Chapter 4—16 


Reconsider P4.81 above for fanout of 1, using a transistor for which Өвс = 0.70 V for ic = 1 mA, 
n = 1, Br = 30, and the collector junction is 5 times the size of the emitter. Using a detailed analysis, 
find Vou, Vor, Vig, Vip, NMy, NM, , the overall voltage gain, and the small-signal gain at ug = 0.7 V. 


SECTION 4.15: COMPLETE STATIC CHARACTERISTICS, INTERNAL 


4.83 


4.84 


4.85 


4.86 


4.87 


4.88 


CAPACITANCES, AND SECOND-ORDER EFFECTS 


For a particular transistor, for which VA = 200 V, B = 120, operating in the grounded-base configuration, 
the collector current is found to increase by 50 nA from its former value of 0.1 mA when the collector 
voltage is raised by 10 V. Estimate r, and ry. (Hint: Use the results of P4.119 in the Text) 


A particular transistor for which BVcgg = 50 V, BVegg = 7 V, BVceg = 30 V is used in the following 
circuits: In each case, find Vg. Note that X represents (the shears causing) an open circuit. 


+ Vcc + Vcc + Усс 
100 pA 400 pA Open circ, 
Voa Vob 
Open circ. 
-- = (a) — (b) 


A particular BJT with grounded emitter and a constant base current of 0.1 mA, is found to have VCE sat 
of 0.2 V at Ic = 3 mA and Vcg sq, of 0.1 V at Ic = 1 mA. What аге the corresponding values of RCE sat 
and Vcg off 4 


A BJT operating at a constant collector-to-emitter voltage of 10V is found to have /c = 1.20 mA with 
Ig = 11 ҢА. When Ig is increased to 12 ҢА, Ic becomes 1.29 mA. What are the values of hrg and hy, 
for this transistor in this situation? Estimate V4. 


+ бу Рог Усе оуу = 50 mV and Rce sa =50Q for a 

| transistor operating at a base current of 1 mA in the 

circuit shown, what output voltage results? If the 

base drive were quadrupled, what would you expect 
Vo to become? 


Consider the relationships shown in Fig. 4.68 of the Text between Р, /с and temperature T. Estimate an 
average value for the temperature coefficient of B in %/°C for [c = 1 pA and 1 mA. 
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4.89 


4.90 


4.91 


4.92 


4.93 


PROBLEMS: Chapter 4-17 


Consider the npn transistor whose detailed physical parameters are as specified in P4.2 of the Text, when 
Operating at /с = 1 mA. For W = 1 um and 5 um, calculate: the stored base charge, the forward base 
transit time and the emitter diffusion capacitance. 


For the BJT specified in P4.2 of the Text having a base width of 1 um, calculate Су, and C, using Equa- 
tions 4.123 and 4.124 with Equations 3.26 and 3.18. Use a grading coefficient of 0.4 for the CBJ, which 
is 10 times the area of the EBJ and reverse biased by 2.0 V. Note that the permittivity of silicon is 
£g = 1.04 x 10712 F/cm. Using the result for the emitter diffusion capacitance at 1 mA found in P4. 89 
above, calculate Cx and fr. 


A particular BJT for which fr is 10 GHz at Jc = 10 mA, has fr reduce to 7 GHz at Jc = 1 mA. Esti-- 
mate values for C, + Cj,, and Cy, at 10 mA and at 10 WA. What is fr at 10 LA? 


A need arises to adapt the BJT described in Exercise 4.44 of the Text to a new application in which 
operation is desired at Їс = 4 mA, but with the base-emitter voltage unchanged. A decision is made to 
use the same process but to double the perimeter of the square base area. What do the values of Тр, 
Сео Cpos Voes Mess, Cues Cie, Съ Cy and fr become for operation at 4 mA? What fr results at Jc = 
1 mA? 


The 500 MHz transistor in Exercise 4.45 of the Text is being considered for operation at ic = 10НА and 
even ic = 1 pA. What unity gain frequencies would likely apply? If it is possible to reduce each of the 
sides of the square base used in this device structure by a factor of 10, what values of fr would you 
expect at 10 НА and 1 ДА? 
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NOTES 
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Chapter 5 


FIELD-EFFECT TRANSISTORS (FETs) 


SECTION 5.1: STRUCTURE AND PHYSICAL OPERATION OF THE 


5.1 


5.2 


ENHANCEMENT - TYPE MOSFET 


An n-channel enhancement MOS transistor for which V, = 1.5 V is operated with a source voltage of 0 
V. For what range of values of ugs is a channel induced? For vgs = 3.0 V, for what range of values of 
Ups is the channel pinched off at the drain end? For what range of values of Эр does the drain current 
saturate? For what range of values of Up does the transistor operate in the triode mode? 


Complete the following table for devices (a) through (g) 


Channel A E: V р Mode 
Type | (region) 


e 2 5 [9 |_| saturated 
И е 
|] — ils] 1-3 | swf | 


SECTION 5.2: CURRENT-VOLTAGE CHARACTERISTICS OF THE 


5.3 


ENHANCEMENT MOSFET 


The n-channel enhancement MOSFET characteristics shown in Fig. 5.11b of the Text represent the rela- 
tionship between ip, Ups and Vgs for a range of devices for which k = К (W/L) = 0.5 mA/V? with V, as 
a parameter. For a particular device for which V, = 1 V, use the data in the following table to locate the 
point (or points) of operation and, thereby, the missing attribute. [Hint: It may help to mark and label 
the points on Fig. 5.11b in the Text, or, preferably, a photocopy of it. 


Reference 
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DL 
5.6 


5.7 


5.8 


5.9 


5.10 


PROBLEMS: Chapter #5—2 


The characteristic curves in Fig. 5.11b of the Text are even more useful than you have perhaps realized. 
On a photocopy or other facsimile of the curves, relabel the axes and 0с; values to correspond to the fol- 
lowing situations: 


a)  k(W/L) -0.50mA/V?, V, =1V 

b  Kk(W/L)z0.50mA/V?, V, = 0.5 V 

c) k(W/L)=0.25 pAV?2, V, 21V 

d) Kk(W/L)-100mA/V?, V, =1V 

же) k (W/L) = 2.0 mA/V?, with the five 0с; lines labelled from (and including) the lower axis as 1.0, 
1.5, 2.0, 2.5 and 3.0 volts. [Hint: The ip axis remains unchanged.] 


**f) К (W/L) = 0.50 mA/V?, with the five vgs lines labelled from (and including) the lower axis as 0.5, 
1.0, 1.5, 2.0, 2.5 volts. 


An n-channel enhancement MOSFET having ,,C,, = 20 uA/V?, УЛ, = 10, and У, = +1 V is 
operated with vs = 0 V and vg = 3 V. For what range of voltages, vp, on the drain is operation in the 
triode region? What current flows for vps = 2 V? 1 V? 0.5 V? What is the value of rps for Ups rela- 
tively small? At what value of Ups does rps increase beyond its very low-voltage value by 1%? 10%? 


An n-channel enhancement MOSFET having LL, C,, = 20 uA/V?, W = 20um, L = 2um, and V, = +1 V 
is to be used for small signals as a linear resistor in the range 1 KQ to 1 MQ. What is the corresponding 
range of values of ugs required? What are the corresponding ranges of operating current (ip) and vol- 
tage (Ups) for which the resistance provided is within 1096 of its desired value? 


Using Equations 5.5 and 5.6 of the Text, find a relationship for Ups for which ip is 100%, 99%, 90% 
and 50% of its saturated value. For a device for which k W/L = 0.50 mA/V? and V, = 2 V, find the 
values of ups for ugs = V, + | V | 21V. 


For a particular MOSFET operating in saturation at ip = 2.10 mA and Ups = 3.0 V, the drain current is 
found to increase to 2.20 mA when Ups is raised by 5 V. Find the corresponding output resistance and 
estimates for the channel-length-modulation factor А, and the equivalent Early voltage V4. 


A p-channel MOSFET for which У, = —2 V has a channel width of 100 um and length of 3 рт. If it is 
fabricated in a process for which р, Cox = 20 НАЛ? and A = —0.01 V}, estimate the drain current for 
saturation operation with Vgs = Vps =—5 V. [Hint: Note р, above, not [1j ; Use р, = 2.5 Hy] 


A p-channel MOSFET for which the nominal threshold is — 1 V (when Usg = 0) operates in a circuit for 
which operation is such that the source voltage takes on any value between О V and +5 V. In a process 
for which y = 0.6 V^ and фу = 0.3 V, what is the threshold voltage which applies at 5 V? at 0 V? [Нш 
Note that the substrate must be connected to a voltage which prevents the substrate-to-channel junction 
from becoming forward-biassed; here, + 5 V would be the normal choice.] 
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PROBLEMS: Chapter #5—3 


5.11 For the following circuits employing enhancement MOSFETS, for which | V, | = 2 V and „Cox = 20 
цА/ү?, W = 20um, апа L = 2um, find the labelled voltages and currents. 


+5V 


© E 


45V 42V +5V 


Vd 
0.9mA 


SECTION 5.3: THE DEPLETION-TYPE MOSFET 


5.12 A depletion-type n-channel MOSFET for which ju, C5, = 204A/V 2 W -200um, L =2um and У, = —4 
V is operated under a variety of conditions as stated partially in the following table: Complete the table 
by providing the missing entries: 
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PROBLEMS: Chapter #5—4 
5.13 For the following circuits employing depletion MOSFETS, for which |V,| - 2 V and 
Hn Cox = 204A/V? and W/L = 10, find the labelled voltages and currents. 
+5V 
Vb 
Y la is 0.4mA 
| V | 
© ын (Ч) +5V +5V 
0.9тА Id +5V 
ЭГ Pe 
=" = Ve 
== Vd 
T 0.4тА 


E 1.8mA 


5.14 


A depletion-type PMOS transistor operates in the cir- 
cuit shown with Up = 4.8 V when ug = SV, and vp 
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= 4.95 V when vg = 0 V. Find its Ipss and V,. 


PROBLEMS: Chapter #5—5 


SECTION 5.4: MOSFET CIRCUITS AT DC 
D 


5.15 For a circuit whose topology is as shown in Fig. 5.24 of the Text, employing an n-channel enhancement 
transistor for which V, = 1 V, „С, = 20 A/V? апа W = 40 L, and with Rp = 7.5 КО and +5 V sup- 
plies, Vp is measured to be +2 V. What is the current Jp? What source voltage would you expect? 
What is the value of Rs used? Assume A = 0. 


5.16 A circuit using the topology shown in Fig. 5.24 of the Text with Rp = Rs = 7.5 КО is found to have Ур 
= 42 V. If V, is known to be 1 V, what value of K = 12k (W/L) applies? For К of half this value, 
what Vp results? By what factor has it changed to compensate for a 50% change in К? 


5.17 Design the circuit of Fig. 5.25 of the Text, to obtain Jp = 0.4 mA with the transistor specified in P.5.15 


above. 
D 
5.18 
45V 45V For a transistor for which V, 2 1 V and К (W/L) = 1 mA/V? used іп 
the circuit shown, find the value of Rs for which Vp = 42 V. Specify 
1ма 150kQ Rs to 1 significant digit. For this value of Rs, what would a more 
precise measurement of Vp show it to be? 
Вз. 
С 


5.19 In the following circuit, the transistor employed has nominal values of К = 12k (W/L) and | У, | of 0.5 
mA/V? and 1 V respectively. | 

What voltage would you expect at Vp? If the voltage actually meas- 

ured at Vp is 90% of that expected, what 90 change from the value 


+5V sey specified for in V, alone or of К alone would account for the result? 
10MQ 1kQ 
10MQ ^a 
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PROBLEMS: Chapter #5—6 


5.20 In the circuit shown, the depletion PMOS has p, Cox = 8НА//?, W = 500 um, L = 2um and V, = 2 V. 
What is its value of /pss? | 

| What are the voltages at the source and drain? What is the lowest 
Уз3=15\/ value of Vss for which the device remains in the saturated mode? 


1kQ 


5.21 
+5V +5V In this circuit, the depletion PMOS has V, = 2 V, 
Час s Hp Cox = ВШАЛУ?, and W/L = 250. What is the 
corresponding value of Vps? 
4MQ 1kQ 
5.22 


+ Бү + Бу In this circuit, the enhancement NMOS have 
Un Cox 220404/V V, 1V, L=2pm and 

W = 30um. Find RA, so the current ip, is 150 uA. 

R2 If Ri = К), what voltage results at the drain of M3. 
Suggest a connection for a third transistor Мз which 

ий 


will potentially double the current in R2. What value 


R1 
1M1 
must R2 now be to make Ups» = 0р5]? 


SECTION 5.5: THE MOSFET AS AN AMPLIFIER 

5.23 Consider the generalized amplifier circuit of Fig. 5.31 of the Text, in which is installed a transistor with 
V, = 2V, and К (W/L) = 2mA/V?. For Vpp = 12V, Rp = 0.5kQ and Vgs = 5V, what ip and vp 
result? For v,, = + 0.5У peak, what is the total variation in drain current? [Hint: Perform 2 more bias 
calculations for this result.) What is the peak-to-peak value of vg. 


5.24 For the situation described in P5.23 above, what is the largest load resistance for which operation remains 
іп the saturation mode for Ирр = 12 V and v,, = 40.5 V. For the load resistance increased to 1 КО, 
what is the ratio of the peak voltages of the output signal produced by a 40.5 V input signal? 


5.25 For the situation described in P5.23 above. Use Eq. 5.38 of the Text to find g,,. What is the voltage 
gain you expect (using Eq. 5.40). Using this result, with a 0.5 V input, what output signal should 
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5.26 


5.27 


5.28 


5.29 


5.30 


5.31 


PROBLEMS: Chapter #5—7 


result? Using Eq. 5.35, what peak output signal voltages would you expect? [Hint: Use the last term in 
Eq. 5.35 extended which represents a dc output shift.) Compare generally with the results of P5.23 
above. 


A p-channel MOSFET, for which p, Cox = 10 LA/V?, W = 300 um, and L = 3 um is operated at Ip = 4 
mA. What is the corresponding value of g,. For what value of A; is the gain of a simple amplifier 
equal to -10 V/V? For what peak input signal value is operation reasonably linear. [Hint: use Eq. 5.36 
with Eq. 5.32.] 


A MOS device operating at a dc bias current of 1 mA with a 10 kQ load has a gain of —9.091 V/V for 
small signals. When the current is reduced to и mA, the gain reduces to —4.808 V/V. What values of 
К = V2k (W/L) and V4 apparently prevail? At Ip = 1 mA, as a sine wave input signal is raised in 
amplitude, the output signal peaks are found to change by 10% from their expected value for input peaks 
of 30.5 V. What is the value of (Ugs — V,) which apparently applies? 


45V ; 
For the transistor shown, k (W/L) = 2 mA/V?, V, = 1 
| У, and Уд = 50 V. Find Vp, Їр, 8m, т», 0,/0; and 
aan R; for R, =R. For I = 1 mA, what are R;, v,A; 
for R = Rg? rə?, Ri ?. Note that the latter gain is 
Al vo the one to be used for each stage in a cascade of n 
| T "Ч identical stages. 
vi | | | 
ез 
+15V For the transistor shown, g,, = 1 mA/V and r, = 100 
kQ. Find v,/0;. What does the gain become for Rs 
10kQ = 0? for Rs = 3.76 kQ?. 
Vo 
оо 
10kQ 
vi Rs d 
1kQ оо 
-15V 


An NMOS source follower operates with a constant bias current Js for which g,, = 0.725 mA/V and 
r, = 47kQ. Ignoring the body effect, use the T model to find the output resistance of the follower. 
What is the no-load voltage gain Go? For what range of load resistances is the follower gain greater than 
0.95? 0.90? 


Consider the impact of body effect on the situation described in P5.30 above. Generally speaking, there 
are two effects of substrate bias on V,: The first is the average change in V, from У, as the average 
value of vs changes. The second is the instantaneous signal-induced change in V, due to the changing 
channel-to-substrate voltage and modelled by x. For this situation (where Is is fixed), does the first 
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PROBLEMS: Chapter #5—8 


effect matter? [Hint: Consider what controls g,,.] For x = 0.2, find a better estimate of the follower 
output resistance. What is the follower no-load gain? For what load resistor is the follower gain greater 
than 50%? 


SECTION 5.6: BIASING IN MOS AMPLIFIER CIRCUITS 


5.32 


CD 
5.33 


5.34 


5.39 


5.40 


A particular n-channel enhancement MOS device for which V, = 2 V and К (W/L) = 1.0 mA/V? is to be 
biassed using the circuit of Fig. 5.39a of the Text with a 9 V supply. For Rg; = Rg2 = 10МО and 
Rs = Rp = 10 КО, find [p and Уру. For what peak amplitude of output signal will operation remain in 
the saturation region? What are all the corresponding values when a device with V, = 1 V is substituted 
in the same circuit? 


A design of a bias circuit using the scheme shown in Fig. 5.39a is required for a family of MOSFETS, 
for which V, ranges from 1 to 2 V and К = 12k (W/L) ranges from 0.3 to 0.5 mA/V?. The design should 
provide the largest possible gain using a drain current limited to the range 0.5 to 1 mA. For the situation 
in which the largest resistor available is 10 MQ, what are the values of Ас], Ёсо, Rs and Rp to be used 
with a 9 V supply? Arrange that the largest output signal for which operation in saturation is assured, is 
0.5V peak. 


A particular n-channel enhancement MOS device for which V, = 2 V and k (W/L) = 1.0 mA/V? is to be 
biased using the circuit of Fig. 5.39d of the Text with Rg = 10 MQ, Rp = 20 kQ and Vpp = 9V. Find 
Їр and Vps. For what peak amplitude of the output signal will operation remain in the saturation region? 
What are the corresponding values when a device with V, = 1 V is substituted? 


The circuit and situation described in P5.34 above, is modified by a second resistor, Rg2 = 10 MQ 
shunted from gate to source. Repeat the computations requested there. 


Using the circuit of Fig. 5.39d of the Text, prepare a design for the situation described in P5.33 above, 
but with a 5 V supply. 


Reconsider the situation presented in P5.36 above using the topology of Fig. 5.39d of the Text, but with 
a resistor Ас: added from gate to source to increase the output swing by a factor of 1.5, all other condi- 
tions being the same. 


For a depletion MOS device for which V, =—4 V and Ipss = 32 mA, design a bias circuit of the type 
shown in Fig. 5.39a of the Text for a drain current of 8 mA, using a 9 V supply, and the largest possible 
value of Rp that allows for a drain-signal swing of +2 V. Find values for Rs, Rp, Rg,, Ксо using 10 
MQ as the largest available resistor value. 


А basic current mirror circuit resembling that in Fig. 5.40 of the Text, operates with two transistors for 
which V, = 1V, „С, = 20uA/V?, and W = 4 ит and L = 2 um, from a 5 V supply, with vgs = 
2.5V. What is the output current flowing into Q5? What value of R is to be used? For what range of 
voltages on Q, does it operate in saturation? For what value of output voltage does the output current 
reduce by a factor of 2? 


Using transistors for which V, = ] V, V4 = 10 V/um of channel length, and k, = 20 n A/V?, design a 
mirror circuit, using a reference current of 254A, to produce a nominal output current of 100рА with an 
output resistance of IMQ. Arrange that the output transistor remains in saturation mode for voltages to 
within 0.5 V of the negative supply. What values of L, W; апа W, should be used? At what output 
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voltage (measured from the negative supply) will the output be exactly 100ДА? What does the output 
current become for an output that is 5V above Ше negative supply? 


Sketch the topology of a multiple-output current-steering circuit using a 10A reference current source, to 
produce current sinks of 54A, 40рА and 100HA, and sources of 201A and 401A. Use transistors all of 
the same length and having a minium width of 21um. How many individual transistors are needed? 
What is the total width of all the NMOS? of all the PMOS? 


SECTION 5.7: BASIC CONFIGURATIONS OF SINGLE-STAGE 


5.42 


5.43 


5.44 


5.45 


5.46 


5.47 


DL 
5.48 


IC MOS AMPLIFIERS 


For each of the circuits of Fig. 5.44 of the Text operating from a +5V supply with transistors for which 
V, = 1V and operation is at Vgs = 2V using current/sources/sinks whose minimum operating voltage is 
0.5V, find the nominal operating voltage or voltage range for cach of the input and output terminals. 


A CMOS amplifier using the topology of Fig. 5.45 of the Text employs devices for all of which 
k k(W/L) = 20uA/V? and V, = 100 V. What is the small-signal voltage gain which results for 
Iggy = 25 МА, and for 0.25 ДА? 


A CMOS amplifier using the topology of Fig. 5.45 of the Text is fabricated using a process for which 0.5 
Hn Co, = Hp Co, = 20 uA/V?, |У, | = 1 V, |У | = 50 V, and L = 10 pm, to have W, = W, = 100 
um. Ipgr is created using a diode-connected NMOS device half the width of О. For the amplifier 
biased to have Vas, = Vps; using a 5 V supply, find the total supply current, the dc output voltage Vo, 
the voltage gain v,/);, and the output votlage signal range for which all devices operate in saturation. 


Consider the CMOS common-gate configuration shown in Fig. 5.47 of the Text, using transistors for 
which | V, | = 1V, uj, Cox 22145 C = 201A/V?, | Ул | = 50 V, L = 10 шп and W, = W, = 100 
um, /вкЕ = 50 НА. For the input signal source having an average voltage of O V, what must Уруду be? 
For X found to be 0.2, what are the values of the voltage gain v,/0;, and the input resistance at the 
source R;, which result? 


Consider the common-drain circuit shown in Fig. 5.48 of the Text, using transistors for which p, C,, = 
20 pA/V2, V = 1 V, Va = 50 У, Г = 10 рт, W= 100 um, y= 02, Ір = 50 НА, and 
Vpp = Vss = 5 V. What are the limits on ù; and Ug for saturation-mode operation? Find the no-load 
voltage gain v,/v;, and the output resistance R,. For what value of load resistor is the gain reduced by a 


factor of 2? 


A source follower employing a constant-current bias supply is measured to have an output resistance of 
952 ohms. When its bias current is quadrupled, its output resistance reduces to 455 ohms. Find values 
for g, and r, in the original situation. If this bias current was 1 mA at first, what is V4 for this transis- 
tor? At 1 mA bias, for what range of loads is the follower gain 2 0.900 V/V? 


Two p-channel transistors, one enhancement and one depletion, are operated as 2-terminal devices. For 
each, how many connections are there in which current can flow between the two terminals? (Be care- 
ful!) In total, how many configurations allow the device to operate in saturation? Sketch them and iden- 
tify for each the minimum terminal voltage at which current flows in the saturation mode. 
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PROBLEMS: Chapter 85-10 


L 
5.49 For the following circuits, for which К (W/L) = 2 mA/V? and |V, | = 2 V, find the labelled currents 


and voltages. 
45У | 
а) b) 45V 
LAT E A 
V1 V2 
+5 
Y E 
Мз 


45V 


€) V d) 45V 4 


5.50 A particular amplifier employs two enhancement p-channel transistors for which V, =—1 V. For the 
|. driver, kp = kp(W/L) = 1804A/V?. For the load, Ку = ki (W/L) = 204A/V?. The power supply is +5 V. 
Ignoring the body effect, when this amplifier is operated in its linear range, what is the gain, v,/0;? 
What is the value of v; for which Vg = Vpp/2? What are the upper and lower values of output voltage, 

and corresponding input voltage, for which Equation 5.81 applies? 


5.51 For an NMOS enhancement-load transistor for which V, = 0.9V, 260, = 0.бУ, y = 0.5V^, 
k (W/L) = 20дА//?, connected to a +5 V supply, what is the upper limit of the output-voltage range? 
[Hint: Use Eq. 5.30 on page 374 of the Text]. What are the values of V,, X, and g, for outputs near the 
upper limit, and near 0 V? [Hint: Use Eq. 5.51 on page 399 of the Text.] 


5.52 For the load situation described in P5.51 above, employing a driver for which k,p(W/L) = 180 uA/V?, 
what voltage gain results for Vg = 2.5 V? 


5.53 An NMOS amplifier employs a driver for which V, = 1 V and kp = 180ДА/У2 with a depletion load for 
which V, = —2 V and k,(W/L) = 4SuA/V?. For both devices Үд = 50 V. The power supply is +5 V and 
X = 0.2. Find the gain for Vg around 2.5 V. What is the range of outputs for which this gain value 
applies? 


SECTION 5.8: THE CMOS DIGITAL LOGIC INVERTER 


5.54 А CMOS logic inverter such as that in Fig. 5.55 of the Text employs matched transistors in a O.5um pro- 
cess in which р, С; = 1004A/V^(W/L), = Qum/Aum), | Үд | = 40 V and |У, | = 0.8 V, with a 
3.3 V supply. Find values for Уон, Vor, Vig, Vip; ММн, NM, and Vj, = Vy (where v, = vg), [Hint: 
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PROBLEMS: Chapter #5—11 


Use Equations 5.93 to 5.96. What is the current „в which flows from the supply when 
оу = Ug = Vu = Vin = Vpp/2? At what input voltages is the current half that value? one-tenth that 
value? What are the output resistances of this gate in the high and low output states? Estimate the out- 
put voltage levels for load-current levels equal to Ipeak- 


For the CMOS inverter described in P5.54 above, loaded by a capacitance of 50fF, estimate the average 
propagation delay їр = (ірін + tpyL Y2. For operation at the frequency 1(4tp), estimate the average 
power dissipation for transition times which are a) ideal (that is, zero), and b) equal to 2tp. [Hint: For the 
latter case, consider the triangular current pulses conducted through the two devices.] Estimate the 
delay-power product on the latter basis. How does the result compare with CVĝp suggested on page 435 
of the Text. What is the reason for the difference? 


SECTION 5.9: THE MOSFET AS AN ANALOG SWITCH 


D 
5.56 


5.57 


A MOSFET switch is to be used to ground an internal node of a network whose open-circuit voltage 
ranges from 1.1 to 3.3 V and source resistance is 21 kQ. The available FET control voltage available 
switches between 0 and 5 V. For the technology used, V, = 1 V, una Cox = 20 A/V? and L = 10 рт. 
What switch width is required to guarantee that the node can be brought to within 10 mV of ground? 


A CMOS transmission gate uses devices for which W, =2W, =100L, IV,l = 2 V and 
Hn Cox = 20 pA/V?. For control signals of +5 V and a load of 5 КО to ground, what is the fraction of the 
ac input signal lost in the switch, for an input v; = v; + Vj, for Vj = -5 У, 0 У or +5 V? 


SECTION 5.10: THE MOSFET INTERNAL CAPACITANCES AND 


L 
5.58 


5.59 


5.60 


5.61 


HIGH-FREQUENCY MODEL 


The gate-to-channel capacitance of a MOS transistor is often used as an explicit capacitor in MOS cir- 
cuits, in which case the gate and source are joined to form the second electrode. Use the data provided 
in Table 5.1 on page 364 of the Text to calculate the dimensions of a square capacitor of 1 pF for the 
range of technologies cited, where oxide thickness ranges from 20 nm to 100 nm. In a 0.8 um feature- 
size technology, in which the minimum-size NMOS digital device has L = 1.2um and W = 2.4um, to 
how many such transistors do these capacitor areas correspond? 


For the 1.2 um technology whose parameters are provided in Ex. 5.41 on page 444 of the Text, calculate 
values of Cov, Cys, С, Csh» Cap, for transistors operating in saturation at | Vsg | = | Урд | = 2 V for 
which: a) L = 2.4 um, W = 100 um; b) L = 24 um, W = 10 pm. (Hint: Recall in calculating С, 
and Cap that the values at C,,9 and Cabo provided are. approximately proportional to source and drain 


areas, respectively and correspondingly to device widths.] 


For each of the transistors in P5.59 above, operating at Jp = 100 ДА with k, = 100 ШУ?, calculate fr. 
What does fyr become in each case if the operating current is reduced to 10дА? 


For the transistor evaluated in Ex. 5.42 and Ex. 5.41 on pages 447 and 444, respectively, of the Text, 
what is the gate input impedance of the NMOS device with output shorted when operating at fr. What 
does the input impedance become at f 7/10 if the FET operates there with a voltage gain of —2 V/V? 


257: 


PROBLEMS: Chapter #5—12 


SECTION 5.11: THE JUNCTION FIELD-EFFECT TRANSISTOR (JFET) 
D 


5.62 An n-channel JFET with /ps; = 10 mA and V, =- 2 V operates with gate and source grounded and 
drain connected to a positive voltage V,. What current flows when V, = + 4 V? +2 V? +1 V? At 
what value of V, does ip become half its saturation value? 


D 

5.63 An n-channel JFET for which Ips; = 10 mA and Vp = — 2 V operates with source grounded and drain 
at +1 V. For what value of gate voltage is the drain current 5 mA? 1 mA? 

5.64 An n-channel JFET for which Ipss = 10 mA and Vp = — 2 V operates as a switch with small vps. 
What is the series switch resistance for 0с; = 0 У? -1 V? —2V? 

5.65 An n-channel JFET for which /pss = 10 mA, and Vp = — 2 V operates at Ups = 2 V with ip = 5 
ША, and at Эр, = 7 V with ip = 5.1 mA. If ugs is the same in each case, what is its value? What 
values of r,, А and Уд corespond? 

L 

5.66 For the following JFET circuits, using devices for which [pss = 4 mA and |У, | = 2 V, find the 


labelled voltages and currents. 


*5V 45V 


Vd 
1mA 
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5.67 
+5\/ 


1ма 1ка 


5.68 


vo 


PROBLEMS: Chapter 85-13 


For the FETs shown, 1р55 = 4 mA, Vp = —2 V. 
What values of Їр and Vg result? What do they 
become if both resistors are accidentally replaced by 
oncs of value 2 КО? 


For the FET in the circuit shown, Vp = —2 V, 
Ipss = 10 mA, Уд = 100 V. For / = 10 mA, what 
аге Їр, Vp, Го» 8m, and V^; and R; for R, = e? - 
for К = r,? 


SECTION 5.12: GALLIUM ARSENIDE (GaAS) DEVICES - THE MESFET 


5.69 A GaAs MESFET for which B = 10 A/V? for each рт of gate width, А = 0.2 V^! and V, =—1.0 V, and 
having a width of 100 ит, is operated at vgs = 0 + 0.2 V, with ops of about 3 V. Find the range of 
£m, ry and the highest available voltage gain you can expect for such operation. 


5.70 The transistor described in P5.69 above is operated with a 3 V supply and a 100 Q load. What values of 
Ups result for the inputs stated? What is the corresponding "voltage gain" for a + 0.2 V input signal? 


5.71 The amplifier in Example 5.11 and Fig. 5.73 on page 457 of the Text is modified by increasing the width 
of О» to equal that of О. For the output stabilized at 5 V by some external means, what values of ip, 


VGS1» &m1, and small-signal voltage gain result? 


5.72 For the situation described іп P5.71 above, the output is stabilized at +3 V. What is the value of Vas, 


required? What аге g,,; and the gain 9,/0,2 
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NOTES 
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Сһар{ег 6 


DIFFERENTIAL AND MULTISTAGE AMPLIFIERS 


SECTION 6.1: THE BJT DIFFERENTIAL PAIR 

6.1 For the BJT differential-pair configuration, find the differential signal (vy = Vg ,—Ug 2) sufficient to cause 
3) іс = 99% I 
b) ic, = 95% 1 
c) іс = 9.0 ic2 


6.2 For situations related to those shown in Fig. 6.2 of the Text, some measurements are taken as tabulated 
below: For all cases, Vcc = + 10 V, Кс = 4 kQ., and / = 2 mA. For the BJTs, assume В is high, Vag = 
0.7 V, Vcg sat = 0.2 V, all essentially independent of the detail of junction-current magnitude. Find the 


missing values. 
Case | Up; | Ug2 | Ugi2 | Уст | Эс 
V V V V V 


L 


6.3 For an npn BJT differential pair using a +10 V supply and collector resistors of 4 КО, partial measure- 
ments provide results as follows. Find the missing entries, assuming О = 1 and n = 1. 
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PROBLEMS: Chapter 46-2 


SECTION 6.2: SMALL-SIGNAL OPERATION OF THE BJT 


C 
6.4 


6.5 


6.7 


6.8 


6.10 


DIFFERENTIAL AMPLIFIER 


Explore the nature of the small-signal assumption made following Eq. 6.11 on page 493 of the Text, in 
the creation of Eq. 6.12, by including one additional term of the exponential series (ех=1+х+х22) in the 
creation of a higher-order alternative. What is the error made in using Eq. 6.12 for 20,2 < 10 mV? For 
what value of v4 is the error made by the linear approximation equal to 10%, 5%, 1%? 


A particular differential amplifier resembling that in Fig. 6.5 of the Text, uses J = 200 pA, Rc = 10КО 
and Vcc = +3 V. What is the differential gain achieved for outputs taken differentially? If taken from 
one or the other collectors separately? What is the upper limit of common-mode input voltage, for which 
operation maintains Vcg 2 —0.4 V? 


A differential amplifier resembling that in Fig. 6.5 of the Text, employs collector resistors of 100 КО and 
a bias source of 200 WA. What is its differential voltage gain for outputs taken differentially? What is 
its differential input resistance? Transistor B 2 150. Emitter resistors are added to double the input resis- 
tance. What are their values? What docs the differential voltage gain become? 


A differential amplifier employing 10 kQ collector resistors, and for which the emitter bias current is 400 
HA, uses BJTs for which л = 1 and B = 200. It is driven differentially by signal sources whose output 
resistances are 10 КО. The emitter-current source has an output resistance of 0.5 МО. For outputs taken 
both differentially and single-endedly, find the differential input resistance, the differential-mode gain 
from the source, the common-mode input resistance, the common-mode gain, and the CMRR as a ratio 
and in dB. | 


For the situation described in P6.7 above, the collector resistors are mismatched. For outputs taken dif- 
ferentially, find the common-mode gain and CMRR (as a ratio and in dB) for load resistors specified to 
be +1%, and to be 10%. | 


For the situation described in P6.7 above, the source resistors are mismatched by 10% and device betas 
vary by +10% from their nominal value. For outputs taken differentially, find the nominal differential 
gain, the worst-case common-mode gain, and the corresponding CMRR in dB. Hint: Note that the half- 
circuit idea does not work directly here; rather current division in a Y-shaped resistor network must be 
considered. 


For the situation described in P6.9 and P6.7 above, fixed emitter resistors, each of value Rg = 9r, (where 
r, is the incremental emitter resistance) are added. What do Aj, A,,, and CMRR become for the output 
taken differentially from matched collector resistors? | 


SECTION 6.3: OTHER NON-IDEAL CHARACTERISTICS OF THE 


6.11 


6.12 


DIFFERENTIAL AMPLIFIER 


A BJT differential amplifier operating at a total bias current of 200 uA employs collector resistors that 
have a +5% tolerance. What is the worst-case input offset voltage you would expect? If emitter resistors 
are added, with Rg = 9r, what input-offset voltage results? 


If in P6.11 above, the added emitter resistors each have a +5% tolerance, what might the most extreme 
input offset become? What might be a more realistic estimate of its expected value [Hint: Use the idea 
of uncorrelated variations presented in Eq. 6.55 on page 506 of the Test.] If the collector resistors are 
now trimmed to have exactly equal values, what does the input offset become? 


-62- 


6.13 


6.14 


6.15 


PROBLEMS: Chapter #6—3 


Four uncorrelated sources of input offset to which a differential amplifier is subject, produce essentially 
equal individual contributions of 2 mV. Estimate the total offset resulting. If closer examination reveals 
that the offsets are 0.5, 1, 2, and 4 mV individually, what overall offset might be expected? 


For a BJT differential pair biased at current 1, both a p mismatch of 10% and a source-resistance 
mismatch of 10% are present. For nominal values of J, B, and Rs of 100 uA, 100, and 100 КО, respec- 
tively, what worst-case input-voltage offset is possible? 


An npn BJT differential amplifier for which the bias current is 300 НА employs a 15 V supply and 60kQ 
resistors. For peak signals of 10 mV across the junctions of each input transistor and Vcg, limited to 
0.4 V with Vgg = 0.7 V, what is the most positive usable common-mode input signal? 


SECTION 6.4: BIASING IN BJT INTEGRATED CIRCUITS 


6.16 


6.17 
DL* 
6.18 


6.19 


6.21 


6.22 


CDL 


6.23 


A diode-connected transistor is operated at a bias current of 100 НА. What is the resistance between its 
two terminals? If two such transistors are connected, a) in parallel, b) in series, to the same biassing 
source, what do the resistances across the combinations become? 


For what value of B would a simple current mirror have a gain error of 1%? 0.1%? 


A simple mirror operating at a current of 1 mA is augmented by resistors in series with each emitter 
across which the nominal voltage drop is 1/10 Vgg. For transistors for which Vgg = 0.700 V at 10 mA 
and n = 1, what resistors would be used (specify to 1 significant digit only). Now one of these resistors 
is to be laser-trimmed to raise its value to compensate for a nominal value of B equal to 90. Which 
resistor must be adjusted? What is its required value? What is the current error at 0.5 mA and at 2 mA 
with nominal D? At each of the 3 currents with B = 70? 


A simple current mirror operating at 100 pA employs devices for which B = 150 and V4 = 150 V. For 
what value of output voltage do the two imperfections cancel? Over what output-voltage range is the net 
error less than 1%? 


In the design of a simple current mirror for a particular application, there is a concern for the effect of 
temperature change on the output current. Chose a value of A and Үсс to provide a nominal current of 
100 НА at 25°С, at which Vgg = 0.700V, and for which the change at 75°С limited to 5% (Use a junc- 
tion temperature coefficient of -2 mV/'C). 


Given several identical npn transistors and a reference current of 1 mA, sketch the circuit of a multiple- 
output mirror whose nominal current values are 0.5 mA, 1 mA, and 2 mA. How many transistors do you 
need? If you also are provided with some matched pnp transistors, is it possible to save transistors? 
Sketch an alternative circuit topology assuming only one end of [рер is available. How many transistors 
do you need? What is the number needed if both ends of /ggr are available (as in Fig. 6.18 of the Text). 


Repeat the analysis of the circuit of Fig. 6.16 of the Text, by starting with ig; = ig? =i. What does the 
current gain become with two outputs using two identical transistors Qo, and Q, with separate collec- 
tors? | 


For the compensated circuit of Fig. 6.19 of the Text, repeat the analysis leading to Eq. 6.67, but maintain 
all 3 B values separately. For 3 transistors having current gains of D and B(1 k), select an optimal 
placement of each in the circuit. Is there a particular value of К for which your design is particularly 
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PROBLEMS: Chapter #6—4 


good? 
DC 


6.24 For the Wilson Mirror in Fig. 6.20 of the Text, follow through the process with separate betas as sug- 
gested in P6.23 above for the base-current-compensated mirror. 


D 


6.25 Design a two-output Widlar current source using a 100 рА reference to provide outputs of both 1 HA and 
10 НА using тА transistors for which Vgg = 0.700V at ImA with n = 1. 


SECTION 6.5: THE BJT DIFFERENTIAL AMPLIFIER WITH ACTIVE LOAD 


6.26 The amplifier shown in Fig. 6.25 of the Text uses a bias source of 100 HA with devices for which V4 = 
150 V and B = 75. What is its overall transconductance, its open-circuit voltage gain, its output resis- 
tance, and its differential input resistance? What does the voltage gain become when feeding a load 
equal to the input resistance? 


627 The differential amplifier in Fig. 6.25 of the Text, using a 100 рА bias source, is augmented with 500 Q 
resistors in the emitters of each of Q, through Q4. For B = 75 and V4 = 150 V, what is the overall tran- 
sconductance, the output resistance, and the open-circuit voltage gain. (Hint: Note that the common con- 
nection between emitter resistors is virtual ground for differential inputs). 


6.28 

For the circuit shown, with B = 75, V4 = 75 V and 
[2100 uA, find the overall gm, the output resistance 
and the open-circuit gain. Incorporate the fact that 
ry = 10 Bro . 


vin 
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PROBLEMS: Chapter #6—5 


SECTION 6.6: MOS DIFFERENTIAL AMPLIFIERS 


А А i Vi 
6.29 Consider Fig. 6.30 in the Text, where the slope of the curves represents g,,. For what values of = 
| | GS ^V, 
does gm of each device deviate from its value at vj; = 0 by 10%? 595? 1%? [Hint: Consider Eq. 


6.101.] 


6.30 A PMOS differential amplifier utilizing a bias current of / = 25 НА uses devices for which V, = 1 V, W 
= 120 um, L = 6 um, H, Cox=10 нА// ? and V4 = 50 V. Find VGs, g, and the maximum possible vol- 
tage gain using current-source loads which are a) ideal, b) have Ид = 50 V. 


6.31 For the amplifier in P6.30 above, the current-source loads are unbalanced, one being 10% higher and the 
other 10% lower than the nominal value of 7/2. What input offset voltage is required to compensate? 


6.32 Reconsider Ex. 6.16 on page 533 of the Text, for the situation in which the Rp and W/L tolerances are 

| X195, and the V, tolerance is 40.6 mV. Find the separate offsets corresponding. What is the worst-case 
total offset? What is a likely value for the offset, assuming the offset sources are independent? [Hint: 
Use a root-sum-of-squares estimate.] | 


6.33 Consider the cascode mirror circuit of Fig. 6.32b of the Text, for the situation in which V = 1 V, 
k(W/L) = 200 uA/V?, [кк = 100 НА, and V4 = 20 V, for all transistors. Include the effect of А in 
your bias calculations. What is Vgs;? What is lọ for Vp3 = Vp4? For Vp3 = 12V? What is the output 
resistance? 


6.34 Repeat P6.33 above for the (simple) Wilson mirror of Fig. 6.32c. 


6.35 Consider the cascode mirror as described in P6.33 above, augmented by another transistor 0, having gate 
and source connections common with those of Оз and providing a second output, Го. What values of Го 
and Го result? (Be careful!) What is the output resistance of the outputs, when joined? When operated 
independently? What change can be made to provide two high-resistance outputs of /pgge/2 each? Com- 
pare the total width of the transistors used in the two cases with that of the original single-output mirror. 


6.36 For the CMOS amplifier of Fig. 6.34 in the Text, all transistors have |IV4l = 20 V, IV,| = 1 V, and 
k (W/L) = 200 НА//?, For J = 200 pA, find the voltage gain. For what external load docs the gain 
reduce by a factor of 2? 


SECTION 6.7: BiCMOS AMPLIFIERS 


6.37 For J = 10 LA, find g,,, Ri, г, and the voltage gain of the CE and CS amplifiers shown in Figs. 6.35a, b. 
For the BJT, V, = 100 V, B = 100. For the MOSFET, V4 = 20 V, iu, C4, = 20 nA/V?, L = 2 um and 
W = 20 jum. 


6.38 For the BiCMOS cascode shown in Fig. 6.35c of the Text, using the parameters provided in P6.37 above, 
find the overall voltage gain v,/;, for / = 10 ДА. 


6.39 For the BiCMOS cascode shown in Fig. 6.35d of Text, using the parameters provided in P6.37 above, 
find the voltage gain v,/v;, for J = 100 pA. 


6.40 Consider the BiCMOS double-cascode mirror in Fig. 6.37 of the Text using devices described in P6.37 
above, and operating at 10 ЦА. What does the output resistance become if Оз and О, are not used? 
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PROBLEMS: Chapter #6—6 


Recall that ryz10 Bro. What does the output resistance become if Qę and О; are retained, but Qs, 0, 
are eliminated? 


SECTION 6.8: GaAs AMPLIFIERS 
6.41 


For the following GaAs circuits, 
using devices characterized by the 
normalized data given in Table 5.2 
(see page 456 of the Text) with 
width in um as noted near each, 
find labelled values of J and V. 


. 6.42 Repeat Ex. 6.24 on page 544 of the Text for the cascode current source, for conditions as stated, except 


that W;z5 jum. 
L 
6.43 The circuit of Fig. 6.40 of the Text is extended to a double cascode by adding a transistor Q, of width 
20 um whose gate is connected to Vgj4s 2, with a change of Vss to 6 V, and Урду to Урду | = —5.3 V. 
For this design provide the data requested in Exercise 6.24 on page 544 of the Text. 
D 


6.44 Consider the circuit of Fig. 6.41. Using the data from Table 5.2 (on page 456 of the Text), select 
appropriate values for FET channel and diode widths for operation at / = 5 mA, with Vpp=5 V and 


v 
VA =2 V. For this design, calculate o = = from Eq. 6.132 on page 546 of the Text, and R, from both 
a 
Eq. 6.133 and Eq. 6.134. 
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CDL 


6.45 


CDL 


6.47 


PROBLEMS: Chapter #6—7 


Using Table 5.2 values, design a composite MESFET for nominal operation with Гоу, = 0.5 mA, Ups = 
3 V and Ups; = 0.7 V. What are W; апа И; required? Using basic relationships for device currents and 
voltages, what does [pss become when vps is increased to 6 V? Using formal small-signal analysis, 
what is К, nominally? How well does this account for the change іп Ipss already found? 


Use two of the composite devices created in P6.45 above to implement the amplifier in Fig. 6.43c. For 
Vpp = 6 V, what nominal value of bias V; is required for Vo = Vpj/2? Using the results of P6.45 
above, what is the output resistance of the amplifier? What is the overall gain? 


For the gain-enhanced MESFET differential amplifier in Fig. 6.45 of the Text, prepare a design for opera- 
tion of as many as possible of the devices at a nominal ip of 0.5 mA and 2с; = -0.5 V. What current 
sources are needed for voc, around 0 V and Vpp = 5 V? What is Vo? What is the resulting gain 


VAi? 


SECTION 6.9: MULTISTAGE AMPLIFIERS 


6.48 


DL 
6.49 


6.50 


For the multistage amplifier of Fig. 6.46 of the Text, evaluate the input resistance, output resistance and 
overall gain for the situations in which; 


a) B = о 
b) В=50 


Consider the amplifier in Fig. 6.46 of the Text,, with the third and fourth stages modified to operate at a 
higher current to allow more output-drive capability. For ic; and їсд increased by a factor of 2 and 4 
respectively, what resistor values must be changed? What do Аз, A4, А and Ro become for B = 100? 
For what load does the gain reduce to 0.8 of the value calculated? For this load, what output signal 
swing is possible? 


Consider the multistage amplifier in Fig. 6.46 of the Text with the supplies reduced to + 10 V: Find the 
values of all resistors to accommodate the charge in supply while maintaining Vg = ОУ, [єз = 0.5 mA, 
[c7 = 1 mA, Ісв = 5 mA, 3 V across the collector resistors of Qi, О», and 2 V across the collector 
resistor of Qs. Use lVggl = 0.7 V and B = 50. Now, find the overall gain using the method described 
on page 557 of the Text. [Hint: First find critical input resistances, namely Бү, Rj2, Кз, К;4; then evalu- 
ate the local current-transmission factors.] What happens to this method when |} = о? (Essentially, 
when В = ee, each amplifier stage becomes exclusively voltage-controlled, and the usual voltage-factor 
method must be used.) 


„СТЬ 


PROBLEMS: Chapter #6—8 


NOTES 
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. Chapter 7 


FREQUENCY RESPONSE 


SECTION 7.1: S-DOMAIN ANALYSIS: POLES, ZEROS, AND BODE PLOTS 


7.1 


L* 
7.2 


7.3 


Find the transfer function T (s) = V,(s W;(s) of the circuit shown: Is this an STC circuit? If so, of 
what type? For 10C; = С) = 0.5рЕ and R, = 10 
КО, find the location of the polc(s) and zero(s) and 
Ri sketch Bode plots for the magnitude and phase 
responses. 


VI 


vo 
Ci T Сә 


For the transfer function: 


T(s) = 108 (s) (s + 10) 
(s + 1) (s + 100) (s + 10°) (s + 106) 


find 
a) Тһе equivalent expression in which the factors are of the form (1+ | 


b) The gain and phase at very low frequencies and at very high frequencies; 
c) The poles and zeros; 

d) The greatest-available gain and corresponding phase; 

e) The gain at 10? rad/s, 10? rad/s. 


Sketch Bode plots for gain and phase. Note that you have been asked to prepare Bode plots at the very 
end. Is this appropriate? At what stage in your overall answer would the Bode sketches have been casi- 


est? most useful? 


For the situation presented in P7.2 above, use exact analysis to calculate the amplitude and phase of T (s) 
at 100 rad/s and 2 x 10? rad/s. 


SECTION 7.2: THE AMPLIFIER TRANSFER FUNCTION 


7.4 


7.5 


7.6 


For an amplifier whose overall response is characterized as in P7.2 above, find (expressions for) 
Ам, Е (5), Ең (5), AL(s), Ан (5). 


From a dominant-pole point of view, find approximate transfer functions for Ё (5), Fy(s) and A (s) for 
an amplifier characterized by the complete transfer function in P7.2 above. 


For the transfer function in P7.2 above, find a value for the lower 3-dB frequency a) from a dominant- 
pole viewpoint, b) using the root-squares approach, and c) exactly. 
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PROBLEMS: Chapter 77-42 


7.] Proceed as in P7.6 above, but for the upper 3-dB frequency. 
C 


7.8 An amplifier having the transfer function described in P7.2 above, is augmented by circuitry which 
causes the addition of a zero and pole at 10° and 2 x 10° rad/s respectively. What is the new transfer 
function? Estimate the new upper 3-dB frequency. Calculate it exactly. Note that the technique demon- 
strated is called pole-zero cancellation. | 

CL* 


7.9 For the circuit shown, find the upper 3-dB frequency using the method of open-circuit time constants, 
and exactly, for the conditions that: 


a Кү=К›=10КО, 


| a A C, = C, = 100 pF. 
vi | | vo b Д = 10 kQ, К) = 100 kQ, 
Ci ! C2 C, = 100 pF, C; = 10 pF. 
| c) Asin b), but with C, = 10 pF. 


L 


7.10 For the circuit shown, find the lower 3-dB frequency using the method of short-circuit time constants, 
for the conditions that: 


Ку= К = 10 КО 


Ci C2 a) 
e—]| | С = С, = 1 Е 
vi vo b) А, = 10kQ, К, = 100kQ 
R1 R2 C, = 1 uF, С = 0.1 uF 
c) Asin b) but with C, = 0.1 НЕ 


SECTION 7.3: LOW-FREQUENCY RESPONSE OF THE 
COMMON-SOURCE AND COMMON-EMITTER AMPLIFIERS 


7.11 A MOSFET amplifier using the topology of Fig. 7.10 fo the Text, employing R = 100КО, Кс = 10 МО, 
Rg = 22M Q, Rs = Rp = 10 kQ, R, = 20 КО, Ce; = 0.01 HF, Сс = 0.1 WF and Cg = 1 uF, operates 
with g,, = 2 mA/V. Find the midband gain, and 3 poles and a zero at low frequencies. 

D 


7.12 For the situation described above in P7.11 above, it is desired to have a single dominant pole at 10 Hz or 
less, and two coincident ones at about 1 Hz. What values of coupling and bypass capacitors should be 
used which minimize the total capacitance? Specify the capacitors to 1 significant digit. What poles and 
zero actually result? 


CDL 


7.13 The circuit and situation described in P7.11 above is modified by the addition of a resistor rg in series 
with Cs. Find expressions for the associated zero and pole, and the gain which correspond to Equations 
7.31, 7.38 and 7.42, respectively. For gain reduced from its maximum value by a factor of 2 using Vs, 
what do the new pole and zero associated with Cg become? | 
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7.14 


7.16 


PROBLEMS: Chapter #7-3 


For a particular BJT CE amplifier using the circuit of Fig. 7.13 of the Text, Rs = 10 КО, R, Il Ra = 40 
КО, Re = 8.2 КО, Rc = 9.1 КО, Rp = 10 kQ, and Vcc = 5 V. Under these conditions, Iç is 0.15 
mA, at which В = 150 апа r, = 500 КО. Coupling capacitors of value Cc; = Cc2- 1 uF anda . 
bypass capacitor Cg = 10 UF are used. Calculate the three associated pole and zero frequencies, and 
estimate the gain and lower 3dB frequency. 


For the situation described in P7.14 above, find suitable values for Ссі, Cc2 and Cg so that the dominant 
low-frequency pole is at 20 Hz, another pole is at 2 Hz, and the third pole and zero coincide. 


For the situation described in P7.14 above, an additional resistor of 350 Q is included in series with Cr. 
Calculate the midband gain and the associated pole and zero frequencies and estimate the lower 3dB fre- 
quency. 


SECTION 7.4: HIGH-FREQUENCY RESPONSE OF THE COMMON-SOURCE AND 


L 
7.17 


7.18 


7.19 


7.21 


COMMON-EMITTER AMPLIFERS 


Find values of the FET unity-gain frequency /т (for operation in the grounded-source (CS) configuration) 

for: 

a) A JFET for which /pss = 4 mA, V, = —2V, C,, = 2 pF and Сш = 0.2 pF, operating at 1 mA. 

b) А MOSFET with gate-to-channel capacitance of 0.15 pF, overlap capacitance of 20 fF, gate-to- 
substrate capacitance of 0.1 pF, having V, = 1 У, and k (W/L) = 200 рА/У?, operating at 200 uA. 


c) А GaAs MESFET for which gm = 10 mA/V at relatively high bias currents with C,, = 0.15 pF and 
Cza = 15 fF. | 
[Hint: See the development associated with Eq. 5.115 on page 446 of the Text.] 


An n-channel enhancement MOSFET, for which C, -10/fFA4us?, wu, =0.05mWs, 
L =3 um, W = 27 um, and V, = 0.5 V, operates with Vgs = Vps = 2.5 V, and the source grounded. 
The gate overlap is about 0.3 um. Estimate Coss Cog and the unity-gain frequency fr which 
corresponds. 


A particular FET transistor is to be operated in one of two grounded-source topologies for which the gain 
from gate to drain is either —1 or —100 V/V. Its C,, = 200 fF, Cy = 100 fF, Сш = 20 fF. Find the 
equivalent capacitances to ground at the gate and at the drain of each circuit. 


A particular FET operates in a common-source circuit environment in which g,, = 1 mA/V, r, = 50 КО, 
Cs = 1 pF, C44 = 0.5 pF, К, = 100 КО, Rn = 1M Q, Кр = 10 КО and Ку = 30 КО. Find the equivalent 
input capacitance at the gate, output capacitance at the drain, two poles, and an estimate of the upper 3- 
dB frequency. What is the highest frequency to which fy can be raised by lowering R,? What is the 
value of R, which reduces fy to 90% of that frequency? 


For the situation described in P7.20 above, find exact values of the associated poles and zero, and an esti- 
mate of fy. [Hint: Use the results associated with Eq.7.61 of the Text.] To what do all these frequen- 
cies change if the signal-source resistance R, is reduced to 1 kQ? 


A high-performance n-channel MOS device for which V, = 1 V and fr = 1 GHz [See Eq. 5.115 of the 
Text.] operates at 1 mA and Vgs = 2 V in a common-source amplifier stage for which the gain is —3 
V/V. If Cpa is known to be < 0.2C,, = Cy, what is the equivalent input capacitance? If driven from a 
similar amplifier whose output impedance is approximately (Vgm) ЇЇ 4Cj;, what 3-dB frequency would 


spa 


7.24 


7.25 


7.26 


7.27 


PROBLEMS: Chapter #7—4 


you estimate? Consider this situation in the context of that described in P7.50 of the Text. 


А MOS amplifier resembling that in Fig. P7.50 of the Text uses a resistor К, connected from the drain to 
the gate of Q, for biasing. If the stage gain is 3, and the output resistance of the source is 10 КО, what 
is the minimum value of Ry to ensure at most a 5% loss in signal at the input? 


For a particular BJT transistor, for which Cy = 0.5 pF, operating at 2 mA, with B = 200 and fg = 12.7 
MHz, find the corresponding values of unity-gain frequency fr апа C,. [Hint: See Eq. 4.131 on page 
321 of the Text.] If the bias current is increased to 10 mA, what values of f p and C, apply? For the 
usual situation described, for what range of currents is fr maintained at the value estimated, as defined 
by the situation in which C, 2 C}? 


For a particular BJT CE amplifier using the circuit of Fig. 7.13 of the Text, R, = 10 kQ, R, ll R= 40 
kQ, Re 8.2 КО, Rc = 9.1 КО, Кү = 10 КО, and Veg = 5 V. Under these conditions, Ip is 0.15 
mA, at which B= 150, го = 500 КО, г, = 50 Q, fr = 1 GHz and C, = 0.3 pF. Estimate the mid- 
band gain and the upper 3-dB cutoff frequency assuming large bypass and coupling capacitors. 


For the situation described in P7.25 above, with all coupling and bypass capacitors appropriately large, an 
additional resistor К = 350 Q is included in series with Cg. What new values of midband gain and 
upper 3 dB frequency result? 


An amplifier having a gain of —50 V/V and dominant poles at 50 Hz and 50 MHz is supplied by a nega- 
tive pulse of 50 mV amplitude and 50 ps duration. Completely characterize the output pulse produced. 
[Hint: Consult Appendix F, pages F-14 to F-17 of the Text.] 


SECTION 7.5: THE COMMON-BASE, COMMON-GATE AND 


7.28 


7.29 


CASCODE CONFIGURATIONS 
For a particular BJT common-base amplifier using the topology of Fig. 7.21 of the Text, Ё, = 100 О, Rc 
= 9.1 КО, with an external load R; = 10 kQ. The bias current is / = 0.2 mA, at which B = 150, r, = 
400 КО, г, = 50 Q, fr = 1 GHz and C, = 0.3 pF. Estimate the midband gain and the upper 3-dB fre- 
quency. 


For a particular BJT cascode amplifier using the circuit of Fig. 7.33 of the Text, А, = 10 КО, Rc = 9.1 
КО and an external load Rg = 10 kQ is connected. The bias current J is 0.15 mA, at which В = 150, 
ro = 500 КО, r; = 50 Q, fr = 1 GHz and C, = 0.3 pF. Estimate the midband gain and the upper 3- 
dB frequency. 


SECTION 7.6: FREQUENCY RESPONSE OF THE EMITTER AND 


SOURCE FOLLOWERS 


7.30 For a particular BJT emitter-follower circuit resembling that in Fig. 7.25 of the Text, R, = 10 kQ, Rg = 


7.31 


8.2 kQ and Ку = 10 kQ is coupled through a capacitor Cc = 1 uF. Under these conditions J, = 0.15 
mA, at which B = 150, re = 500 КО, гү = 50Q, fr = 1 GHz and C, = 0.3 pF. Estimate the midband 
gain and the upper and lower 3-dB frequencies. 


For a particular FET source-follower circuit operating at a 1 mA bias current, R, = 1 МО, R; = 10 КО, 
£m = 1 mA/V, C4 = Cga = 1 pF. Estimate the midband gain and upper 3dB frequency resulting. 
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PROBLEMS: Chapter #7—5 


SECTION 7.7: THE COMMON-COLLECTOR COMMON-EMITTER CASCADE 


CL 
7.32 


Vs 


1,5 
7.33 


For the circuit shown, R, = 100 КО, R; = 
10КО, Re = 9.1 КО, Re = 10 КО, 
I =160 uA, К = 70 КО, Cc; =1 pF, 
Cg = 10 uF. Under these conditions, В = 


150, Уд = 100 V, гү = 50 Q, fr = 1 GHz 
Vo and C, = 0.3 pF. Estimate the midband 
RAL gain and the upper and lower 3-dB frequen- 
cies. Use Vgg = 0.7 V. Note that for low- 
mm current operation, fr may reduce, since 
CE = 


@ 


С, min ^ Cu. 


Repeat P7.32 above for the situation in which a) R = 14 КО, b) оо 


SECTION 7.8: FREQUENCY RESPONSE OF THE DIFFERENTIAL AMPLIFIER 


7.34. 


7.35 


7.36 


7.37 


A BJT differential amplifier operates with a 300 НА emitter-current source and collector resistors of 4 
kQ. For differential input from a source having a total resistance of 10 КО, and output to a 10 kQ load 
connected differentially, what are values of the gain v,/0, and the upper 3-dB frequency? For the BJTs 
used, D = 150, fr = 1 GHz and C, = 0.3 pF. 


The situation described in P7.34 above, is modified so that one BJT base is grounded, with the other con- 
nected to a 10 kQ source. Both collector resistors remain, but the 10 kQ load is capacitively-coupled to 
only one of them. There are two possible topologies. Find the midband gain and upper cutoff frequency 
for each. 


The situation described in P7.35 is further modified so that the 10 kQ load is connected to the collector 
resistor of the grounded-base BJT, while the collector of the other BJT is connected directly to the sup- 
ply. What midband gain and upper cutoff frequency result? 


The situation described in P7.34 above is modified by the addition of resistors equal in value to r, con- 
nected in series with the emitter of each of the BJTs of the differential pair. What midband gain and cut- 


off frequency result? 


For the situation described in P7.34 above, the emitter-current source uses a single transistor for which 
C, = 0.3 pF and V, = 200 V. Wiring at the common-emitter connection accounts for an additional 0.5 
pF. For a common-mode input signal of 5 V peak, what is the corresponding peak voltage on the ends 
of the load resistor at low frequencies? At what frequency does it reach 1V peak? At what frequency of 
the common-mode signal, do the input transistors saturate, for Vcc = 10V? 


233» 


р 
7.39 


7.41 


7.42 


7.43 


PROBLEMS: Chapter #7—6 


A wideband amplifier using the topology shown in Fig. 7.34 of the Text, employs a 300 uA emitter- 
current source, a source resistance of 10 КО, and an equivalent collector resistance of 2.7 КО. For the 
BJTs used, B = 150, fr = 1 GHz and C, = 0.3 pF. What midband gain and high cutoff frequency 
result? [Ignore the effect of bias imbalance due to the asymmetric drive.] 


For the situation described in P7.39 above, emitter resistors are used to double the input resistance 
presented to the 10 kQ source. Find the modified midband gain and cutoff frequency. 


In the CD-CG amplifier shown in Fig. 7.35 of the Text, the MOS devices each operate with g, = 
ImA/V, C,, = 200 fF, Cy = 100 fF, and C, = 20 fF. The drain resistor is 5 КО. Find the value of 
fr which characterizes these transistors. Find the midband gain and upper 3dB frequency. 


In the common-base differential circuit shown in Fig. 7.36a) of the Text, assume all transistors are rela- 
tively well-matched with specifications as іп P7.39 above, namely B = 150, fr = 1 GHz and C, = 0.3 
pF. Feedback biasing assures that each transistor operates at 150 НА emitter current. The collector load 
resistors are 2.7 kQ. The source resistances are each 10 kQ. Find the midband gain and upper 3dB fre- 
quency. 


Repeat P7.42 above, for the situation in which the pnp transistors, while matched to each other, have 
В = 50, fr = 300 MHz and C, = 1 pF. 
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Сһар{ег 8 


FEEDBACK 


SECTION 8.1: THE GENERAL FEEDBACK STRUCTURE 


8.1 


8.2 


А feedback amplifier having the structure shown in Fig. 8.1 of the Text, is found to have x, = 3.0 V and 
Xr = 0.99 V when a signal of x, = 1.00 V is applied. What value of x; results? What must the values of 
A and В be? What is the open-loop gain? What is the amount of feedback? What is the closed-loop 
gain? If by accident the connection to the B network were removed, what value would the load voltage 
tend toward? Is that value likely to be measured? What would happen instead? 


For the circuit in Fig. E8.1 on page 670 of the Text, with A = 10? V/V, find R/R; for a closed-loop vol- 
tage gain of 8 V/V. What is the corresponding value of В? What is the amount of feedback in decibels? 
For V, = 0.125 V, find V,, V; and V;. If A increases by 100%, what is the % change in Ay? 


SECTION 8.2: SOME PROPERTIES OF NEGATIVE FEEDBACK 


8.3 


8.4 


8.5 


8.6 


8.7 


8.8 


An amplifier for which design was done with A = 10° and В = 1072 is manufactured using an amplifier 
with half the intended gain. What is the desensitivity factor? What is the sensitivity of closed- loop to 
дАу/А, 
дА/А 


open-loop gain in dB? What closed-loop gain results? 


An amplifier for which the loop gain is designed to be 89 V/V is suspected to be deteriorating over an 
extended period of operation at high temperature. The closed-loop gain is found to be 98 V/V rather 
than the value of 99 V/V measured shortly after original installation. On the assumption that the change 
has occurred in the active components within the basic amplifier itself, what 90 deterioration would you 
expect to find in the open-loop gain if it were possible to measure it directly? 


An amplifier whose open-loop response is characterized by a dc gain of 10* V/V and a 3-dB rolloff at 
10* Hz, is connected in a feedback loop for which the overall low-frequency gain is 10? V/V. What is 
the 3 dB rolloff with feedback? What are the values of the Gain- ‘Bandwidth product of the basic 
amplifier and of the feedback arrangement? 


If in P8.5 above, a manufacturing error reduces the upper 3-dB cutoff to 2 x 10° Hz, what does the 
closed-loop upper cutoff become? Is this consistent with the sensitivity idea? To appreciate this situa- 
tion better, find the new gain at 10* Hz using a relatively basic calculation. How does the desensitivity 


factor manifest itself? 


Performance of a basic power amplifier having a signal-to-noise ratio of —3 dB (at the output) is to be 
improved, using a low-noise preamplifier and feedback, by 40 dB. What is the gain of the preamplifier 
required? What does the S/N ratio at the output become? 


An amplifier exhibiting a non-linear transfer characteristic with a gain > 10°V/V for vg < 0.1V, a gain > 
10°V/V for 0.1V 5 юо 5 ГУ, but which hard-limits at vg = 1 V, is connected in a feedback loop with B 
= 0.01 V/V. Characterize the transfer characteristic of the closed-loop circuit by finding values of 
closed-loop gain for the 3 regions of operation, and the values of input and output voltage which bound 


them. 
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PROBLEMS: Chapter 88-2 


SECTION 8.3: THE F OUR BASIC FEEDBACK TOPOLOGIES 


8.9 Characterize each of the following amplifiers by feedback type. As well, for each, find B in terms of the 
labelled components. In all cases, assume that the op amp is ideal. 


8.10 For each of the circuits below, identify the feedback type and find an expression for D. Assume for the 
present purposes that g,, for each FET is very high. 


b) 
| 
Rr V 
vo 
r 
c) | 
Вз 
С 
vo 
| со А 
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PROBLEMS: Chapter 48-3 


8.11 A series-series feedback circuit representable by Fig. 8.4c in the Text, and which uses an ideal transcon- 
ductance power amplifier, operates with V, = 1 V, V; = 0.1 V and J, = 2 A. What values of A and В 


correspond (with correct units noted)? 


SECTION 8.4: THE SERIES-SHUNT FEEDBACK AMPLIFIER 


8.12 A series-shunt feedback amplifier, has an A circuit for which A = 100 V/V, R; = 10 КО and R, = 10 Q, 
and a В circuit with B = 0.1 V/V, К, = 2 КО апа R2 = 18 kQ. When operating from a zero-impedance 
source and with no load, what is the overall gain and input and output resistances that result with feed- 
back? If this feedback amplifier is connected between a 0.1 V rms source whose resistance is 10 КО and 
a load of 100 2, what does the output voltage become? 


8.13 A feedback amplifier connected in the series-shunt topology employs an amplifier having a gain of 900 
V/V, an input resistance of 20 КО, and an output resistance of 1 КО, with a feedback network employing 
two resistors of 10 kQ and 190 kQ at its output and input respectively. The amplifier operates between a 
10 КО source and a 1 КО load. Find A, B, Ry, R2? and А; as well as the overall gain and input and 
output resistances seen by the source and load respectively. 


CL 
8.14 


Rs 
100ка 
к А 
vs A 
4 (V) 200дА 


For the circuit shown, the transis- 
tors have BJT В = hfe = 120. Find 
VADs, Rin and Rouw. For what 
values of Rs and R; (considered 
separately) does 0,/0, drop to % 
the value just found. (Hint: be 


careful! 
С Qs ) 

E 

ikQ 

F 

| vo 
В | 
100КО 10kQ 
А 
Ном 
2mA 


-71 = 


8.15 


45М 


+5\/ 


(V) 1004A 


VO 


Ты 


Rt =10kQ 


Ма 


8.17 


+5V 


(V) 1004A 


Qı Q4 


300нА 
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PROBLEMS: Chapter 88-4 


In the circuit shown, all transistors 
have V = 1 V, 

K = AK(W/L) = 1001A/V?, V, 
20 V. Find, VAs, Rin, Rout. 
What does the overall gain become 
with a 1 kQ load? Estimate the 
offset voltage. [Hint: Consider the 
effects of го, Гол, Гоз and ro4.] 


In the circuit shown, all transistors 
have V, = 1 V, K =%k (WAL) = 
0.1 mA/V?, У, = 20 V. Find 
v/v, and Кы, using a feedback 
approach. Formulate the process in 
two slightly different ways involv- 
ing interpretations of whether О» is 
part of A or part of B. What hap- 
pens if Q2 апа Оз are increased by 
a factor of 10 in width, and / is 
increased to 1.1 mA? 


owe 
ee 


Considering 0» and Q, to be the 
feedback network, find 

A, Ry, Кә, Ау and Rou. Use the 
device specifications provided in 
P8.16 above. 


PROBLEMS: Chapter #8—5 


SECTION 8.5: THE SERIES-SERIES FEEDBACK AMPLIFIER 


8.18 A feedback amplifier connected in the series-series topology uses a basic amplifier having a gain of 900 
V/V, an input resistance of 20 КО and an output resistance of 1 КО, with a feedback network for which B 
= 50 V/A, Ку = 10 kQ and R2; = 2000. The amplifier operates between a 10 КО source and a 1 kQ 
load. Find А, Ау as well as the resistance Rj, and Rout seen by the source and the load. [Hint: Note the 
specification of А is as a voltage amplifier: You must transform it suitably!] 


8.19 Reconsider the situation described in Example 8.2 and Fig. 8.17 on pages 692 through 696 of the Text, 
modified to place К, = 600 Q between the emitter of Q, and the connection to Ёк» and Rp. The output 
current is that measured in Ку. Find A, D, А; and the input and output resistances seen by the source 
and load respectively. 


8.20 
For the circuit shown, 


Q4 hfe = hre = 100, VA = 200V. 


Оз 
"udi Find D, Ку, R2, A, Ау, and the 
resistances Rin and Кш. 


Qs 
RS 
10kQ lo 


Ө Г 10ка > Ro(Y)1mA 


Q 200дА e 


SECTION 8.6: THE SHUNT-SHUNT AND SHUNT-SERIES FEEDBACK 
| AMPLIFIERS 


CDL 

8.21 A shunt-shunt feedback circuit uses a basic amplifier whose voltage gain is 900 V/V, input resistance is 
20 КО, and output resistance is 1 КО, with a feedback network consisting solely of a 100 kQ resistor. 
The amplifier operates between a 10 kQ source and 1 kQ load. What is the transresistance of the basic 
amplifier? What аге К, R25, A, Ау and the input and output resistances presented to the source and 
load? What does the gain become if the load resistance is halved? What change in Ку (nominally 10 
КО) is needed to compensate? 
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PROBLEMS: Chapter #8—6 


L* 
8.22 | 
The circuit shown combines two feedback 
loops: One, involving Кү, К» and К; 
operates at dc, but because of C3, not at 
high frequencies. The other, involving 
К» and R5 operates at high frequencies, 
but because of С», not at low frequen- 
cies. At low frequencies, the feedback is 
intended to establish the dc voltage at A 
at a value which is nearly the voltage 
Vee1, and thereby the entire bias-current 
situation at nodes B and C. What is the 
feedback type? At high frequencies the 
object is to create an output current i,. 
What is the feedback type? For the latter 
feedback loop, find B (with its charac- 
teristic resistances 


Riis R22), A , Ay’ = is; Rin, Кош. 
Assume кк = оо, and hy, = 100. 


8.23 For the shunt-shunt loop described in P8.22 above, which operates at low frequencies, what is D, the 
corresponding К and R22, and As? What is the corresponding resistance seen by Сз? What is the 
upper cutoff frequency for a 100 НЕ capacitor? What would you have judged it to be before considering 
the feedback situation? 


8.24 Again consider the circuit in P8.22 above: As noted in P8.23 above, capacitor C4 must be very large (and 
therefore costly). What occurs at high frequencies if it is removed? What are |, Ry}, R23, A and 
Ay = i/0, corresponding? 


8.25 Using the results of P8.23, and those of P8.24 above with C3 removed, find C, and C; for poles at 1 Hz 
and 10Hz respectively. 

CDL 

8.26 For the circuit of P8.10d above, with J such that g,, = 2 mA/V, r, = 10 КО, Rs = 100 kQ, апа r = 1 
kQ, find „40, for a reasonable range of choices of R}. What is the source resistance associated with i, ? 
What constrains the values of А; that can be used? 

CDL 


8.27 Reconsider the situation in P8.23 above with respect to Сз. Consider the effect of moving Сз to some 
tap оп Ry: That is, split Кү into two parts Ria, Rip where Ку = Ria + Rip. For what ratio of Ау | is 
the resistance seen at the tap, a maximum? What is the input resistance seen at the tap at this setting 
when the low-frequency feedback loop is closed? By what factor can the capacitor C3 be reduced to 
maintain the same pole frequency as found in P8.23? | 
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SECTION 8.7: DETERMINING THE LOOP GAIN 


C* 
8.28 


A particular feedback loop intended for relatively high-frequency operation, when opened and terminated, 


. returns a signal of 1.27 V rms when a signal of 20 mV rms at 1 kHz is injected, and 3.1 V rms when a 2 


DL 
8.29 


8.30 


8.31 


8.32 


mV rms signal at 10 Hz is injected. What are the loop gains at the two frequencies? Assuming a single 
capacitor is associated with low-frequency bias stabilization of a direct-coupled amplifier, what do you 
imagine to be happening? Estimate the lower 3-dB point associated with the loop-gain response. What 
would you estimate the lower 3-dB response of the closed loop to be? If a third measurement indicates 
the loop gain to be only about twice as great at 1 Hz as at 10 Hz, estimate a lower bound for the open- 
loop gain of the basic amplifier. What might the closed-loop gain at 1 kHz be? If the capacitor which 
stabilizes the bias loop has been identified to be 1 F, what is the equivalent (open-loop) resistance at the 
node to which it is attached? (Hint: sce P8.29 following). 


A useful circuit, which is also a possible model of the situation alluded to in P8.28 above, is shown 

here. For an ideal amplifier with A = 1550 V/V and 
R, = 2 КО, К) = 47 КО, find the loop gain at high 
frequencies and at very low frequencies. For what 
value of C does the loop gain have a zero at 2.45 
Hz? What is the associated pole of the loop gain? 
What is the corresponding 3-dB frequency of the 
closed-loop gain? If the capacitor used must be 10 
HF, what values of R; and К» are needed to keep the 
same frequency response? 


A non-inverting op-amp circuit for which the two resistors in the B network are 100 О and 10 kQ is 
measured for loop gain by disconnecting the larger resistor from the output, injecting a 10 mV signal and 
measuring the returned signal to be 1.2 V. What is the loop gain found? What is the basic op-amp 
open-loop gain? 


For a particular situation involving a non-inverting series-shunt feedback amplifier in which a complex 
unlabelled feedback network is used, measurements at a particular frequency show both the loop gain 
magnitudes and the closed-loop gain to be 10. Estimate the (gain) of the basic amplifier and p at this 
frequency. 


For the circuit shown in P8.15 above, evaluate the loop gain for the conditions stated with a) no load, 
and b) a load of 1 КО. Using the fact that B = 1, what closed-loop gain results in each case? Check 
your results with those obtained in P8.15 using the direct method. 


SECTION 8.8: THE STABILITY PROBLEM 


8.33 


An amplifier with a midband gain of 107 and dominant pole at 10? rad/s has two other poles coincident at 
107 rad/s. At what frequency does its total phase shift become 180°? At that frequency, what is its gain 
magnitude? When incorporated in a feedback loop for which the feedback factor is independent of fre- 
quency, for what range of B is the resulting amplifier stable? 
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8.34 For the situation described in P8.33 above, sketch Nyquist plots for the loop gain | AB |, for three values 


С 
8.35 


of B: equal to the critical value, and 20 dB more and less than that. 


Through a manufacturing error, an op amp whose dc gain is 109 V/V and dominant pole is at 10? rad/s, 
acquires a second non-dominant pole at 10% rad/s. When used with a frequency-independent feedback 
network, what total phase shift can result when | AB | = 1 for В < 1. Can oscillation occur? Unfor- 
tunately, in a particular application, a stray capacitance of up to 5 pF to ground is associated with the 
output of the feedback network. For nominal В = 0.5, what is the maximum tolerable equivalent output 
resistance of the B network for which oscillation will not begin? 


SECTION 8.9: EFFECT OF FEEDBACK ON THE AMPLIFIER POLES 


8.36 


8.38 


DL 
8.39 


CL 
8.40 


А dc amplifier having a single-pole response with pole frequency at 5 x 107 Hz and unity-gain frequency 
of 20 MHz is operated in a loop whose feedback factor is 0.125, independent of frequency. Find the 
low-frequency gain, the 3-dB frequency and the unity-gain frequency of the closed-loop amplifier. By 
what factor did the pole shift? 


Using the dc amplifier described in P8.36, above, a design is required of a closed-loop amplifier whose 3 
dB frequency is at least 1 MHz. What is the corresponding amount of feedback required? The loop 
gain? The feedback factor? What low-frequency gain results? 


A two-stage dc amplifier having a low-frequency gain of 10* К, one pole at 107 Hz and a second pole at 
10°/K, where K is a factor depending on the choice of a resistor in one of the stages. For a particular 
feedback application using a frequency-independent feedback factor, coincident closed-loop poles at 
5 x 10° Hz are acceptable. What value of К can be used? What is the dc open loop gain of the 
amplifier? the frequency of its second pole? the value of B for which the poles are coincident? and the 
corresponding low-frequency closed-loop gain? 


А two-pole amplifier with dc gain of 10° and poles at 10° Hz and 2 x 10’ Hz is available to a designer 
interested in exploring bandwidth extension using feedback. For a maximally flat design, what pole fre- 
quencies result? What is the corresponding value of Q? of @,? of the 3-dB frequency? What values 
of B and closed loop gain are achieved with this design? 


Consider the amplifier of P8.33 above in a feedback loop with frequency-independant В. Find the 
closed-loop poles as a function of B. Sketch a root-locus diagram. At what frequency and for what [ is 
the complex-pole-pair Q = 0.707? What is the corresponding phase margin? 


SECTION 8.10: STABILITY USING BODE PLOTS 


8.41 


8.42 


8.43 


Use equation 8.48 on page 726 of the Text to explore response peaking as a function of phase margin: 
For what phase margin is there no peak? For what margin is the peaking factor equal to 2? to 10? 


A particular amplifier with a дс gain of 10* has one pole at 10° Hz and two coincident poles at 10° Hz. 
Provide a sketch of the Bode magnitude and phase plots. Use them to estimate the following: What is 
the value of frequency-independent В for which the margins are zero? For what value of B is the phase 
margin 78°? 45'? What are the corresponding closed loop gains? What is the phase margin for 
p =3 x 1072? 


For the situation described in P8.42 above, express the amplifier transfer function in a form correspond- 
ing to Eq. 8.50 on page 727 of the Text. Then use the approach exemplified in Eq. 8.51 to find more 
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precise values for the results requested in P8.42 above. 
DL* 


8.44 For the parameterized amplifier design described in P8.38 above, and frequency-independent feedback, 
use the rate-of-closure rule to design an amplifier with 20 dB of feedback at low frequencies and the 
greatest available bandwidth. What is the available bandwidth? For a closed-loop gain of 10, what is the 
bandwidth? For each design, what are the corresponding values of K, dc gain, and the second-pole fre- 
quency? 


SECTION 8.11: FREQUENCY COMPENSATION 
D 


8.45 For the amplifier described in P8.42 above, consideration is being given to various frequency- 
compensation ideas. In the case of an added dominant pole, what must its location be for a closed-loop 
gain of 10? of 1? What are the corresponding closed-loop cutoff frequencies? 


8.46 Continue the compensation evaluation begun in P8.45 above, by considering the possibility of lowering 
the existing dominant pole. To what frequency must it be lowered for a closed-loop gain of 10? of 1? 
What closed-loop cutoff frequencies correspond? (Hint: Concerning the double pole, find the frequency 
at which each pole contributes 22.5" as the frequency to use in the design to give a net margin of 45° or 
SO.) 


DL** 


8.47 For a particular amplifier in which one pole is at 107 Hz and two at 107 Hz, one approach to compensa- 
tion involves lowering the dominant pole to 10* Hz. It is realized that two of the poles are controlled by 
one amplifier stage, for which input and output capacitances and resistances аге C, = С) = С, 
R, = 100 А) = 1 МО, and the gain is — g,, Кә = — 100, and across which a Miller capacitor can be 
installed. What is the required value of Су? What is the overall effect on the other poles? What is the 
resulting cutoff frequency? In view of the pole shift, by how much can the dominant pole be raised to 
maintain the same margins? What new value of Cy is needed? What poles result? What is the resulting 
cutoff? For comparison, what was the original frequency at which the phase margin was 45°? 
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NOTES 
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Сһар{ег 9 


OUTPUT STAGES AND POWER AMPLIFIERS 


SECTION 9.1: CLASSIFICATION OF OUTPUT STAGES 


9.1 


A particular amplifier for which the output-stage bias current is 50 mA is intended to produce single- 
sine-wave output signals of 1, 10, 100 V rms across a load Кү. In each case, classify the mode of opera- 
tion that prevails for А; = 1 КО, and 0.25 КО. If a manufacturing error causes the bias current to reduce 
to zero, yet the output appears nearly normal for large signals, what mode of operation is apparently pos- 
sible? 


SECTION 9.2: CLASS A OUTPUT STAGE 


9.2 


9.3 


9.4 


The emitter-follower shown in Fig. 9.2 of the Text operates from + 3 V supplies with R = 1.5 КО, using 
three identical transistors. For Vcg ш = 0.3 V, what is the largest undistorted sine wave with zero aver- 
age that can be produced across a 1 kQ load? a 10 kQ load? For what range of load resistances is the 
output symmetrically clipped? For a circuit modification involving connecting a second device in parallel 
with О», what change occurs? 


The follower design shown is intended to 
provide a relatively high input resistance. 
For Vcc -5V, VEB = 0.7 V, Үск sat = 0.2 
V, what is the largest possible unclipped 
zero-average sine-wave output? For a 
minimum load resistance of 100 Q, what is 
the minimum value of / which maintains 
Ig? 2 Ig, for the largest possible undistorted 
output? Note the transistor sizing indicated 
by the notation x n. 


The class-A follower shown in Fig. 9.2 of the Text operates from 49 V supplies with / = 10 mA using 
three identical transistors. Ignoring the power loss in R and Q3, find the load power, the supply power 
and the conversion efficiency for: 


a) The largest-possible sine-wave output and the smallest-possible load resistance (assuming Vcg ш = 
0.3 V). 

b) A sine wave of half the amplitude in a) across a load which is half the resistance of that in a) 

c) Repeat a) including the loss in Оз and R (note that it is connected to ground!) 


d) Repeat b) including the loss in Q3 and R. 
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PROBLEMS: Chapter #9—2 


For the FET follower shown, V, = —2 V, Ipss = 10 
mA. For Ug = 0 V, what value of v; is measured? 
For Кү, = 1 КО, what are the most positive and most 
negative outputs for which both transistors remain in 
saturation? What are the corresponding inputs? 
What are the corresponding values of load power, 
supply power, and conversion efficiency? What is 
the largest possible relatively undistorted output sine 
wave, and the corresponding conversion efficiency? 


SECTION 9.3: CLASS B OUTPUT STAGE 


C 
9.6 


9.7 


9.8 


For the circuit shown, sketch the transfer characteristics for Ry, = оо and R; = 10 kQ. For both 
devices, | V, |= 1 V and К = AK(W/L) = 1 mA/V?. 
What is the amplitude of the maximum possible out- 
«10V put sine wave for which Qj, Q^ remain in satura- 
tion? What are values for the corresponding input 
voltage equivalent gain, supply power, load power, 
and conversion efficiency? 


vi 


Consider the circuit of Fig. 9.9 of the Text, in which the supplies for A, and the output stage are +3 V, 
and A, is a CMOS amplifier with rail-to-rail (і.е. +3 V) outputs, having a transconductance of 10 mA/V. 
For R; = 1000, | Vgg | = 0.7 V, B = 50, find the input voltages required for outputs of +10 mV, +100 


mV and 1 V. 


Consider a particular automotive application of the circuit of Fig. 9.10 of the Text, for which R; = 16 Q 
and 2Vcc = 12 V nominally, and the base input is biassed at Vcc. What is the power level of the largest 
possible undistorted output signal? What is the corresponding supply power? What is the power dissipa- 
tion in the two transistors? What is the corresponding efficiency? What are the values of output power, 
supply power, total device dissipation, and efficiency for output sine-wave signals of 4-V peak ampli- 
tudes. For the signal level maintained at the maximum undistorted level found above, but with the sup- 
ply raised to 14.5 V, what do the total device dissipation and efficiency become? 


SECTION 9.4: CLASS AB OUTPUT STAGE 


9.9 


A BJT class-AB output stage using the structure shown in Fig. 9.11 of the Text employs transistors for 
which Vgg = 0.690 V at 10 mA and л = 1. For a small-signal output resistance at light loads of 55 Q, 
what quiescent current is needed? What value of Vgg should be used? For a 50 Q load and peak output 
voltage of 5 V, what is the peak input voltage required? What large-signal gain results? For Кү = 50 Q, 
what is the corresponding small-signal gain? 
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р 
9.10 


PROBLEMS: Chapter #9—3 


Design the quiescent current of a class-AB MOS output stage so that the incremental voltage gain for v; 
near zero volts, is in excess of 0.99 V/V, for loads larger than 100 О. The MOS devices have | V, | = 1 
V and К = Ak (W/L) = 200 mA/V?. What value of Ирр is required? 


SECTION 9.5: BIASING THE CLASS AB CIRCUIT 


D 
9.11 


DL 
9.12 


9.13 


For the situation described in P9.9 above, in which the output transistors have [3 > 30, design a 2-junction 
biassing scheme, such as that shown in Fig. 9.14 of the Text, with devices having one-fourth the junction 
area of those at the output. What is the maximum output current available into a short circuit? For a 50 
Q load, what is the value of the peak output signal for which the current in the bias junctions reduces to 
1/10 of the no-load value? 


For the situation described in P9.9 above, in which the output transistors have B > 30, design а Увс mul- 
tiplier, such as that shown in Fig. 9.15 of the Text, with a device for which the junction area and f are 
the same as those of the output transistors. For a 1-volt positive output across a 50 Q load, arrange that 
the bias network current reduces to no less than 2096 of its normal value, and that the current in the 
biassing transistor is no less than half of that. What is the incremental gain for your design with the peak 
positive output described, and B = 30? 


For the Уве multiplier embodied in Fig. 9.15 of the Text and operating at total current Г, find an expres- 
sion for the incremental resistance between its terminals in terms of /, Ri, Уве and В, and a multiplica- 
tion factor k = 1 + КУК, k 21. Fork = 2, I = 1 mA, and В > 50, what is the available value of incre- 
mental resistance when Кү = rg? 


SECTION 9.6: POWER BJTs 


9.14 


9.15 


9.16 


The base-emitter junction voltage of a heat-sink-mounted power BJT, measured at a particular test current 
immediatedly following the application of power, is found to be 630 mV at what is assumed to be T; = 
30°. Subsequently, it is found to display a junction voltage of 500 mV when operated for some time at 
ten times the initial test current and with a larger supply voltage at a power level of 45W. Estimate the 
new junction temperature. If the ambient temperature remains at 30°С, what is the thermal resistance of 
this device? To maintain operation with a junction temperature of 180°, at the same collector voltage, 
what collector current would be needed? What voltage drop across the base-to-emitter junction would 
you expect under these conditions? Use a junction TC of -2 mV/'C. 


A power transistor, for which the maximum safe junction temperature is believed to be 150", has a ther- 
mal resistance junction-to-case of $1.1°C/W. What is the maximum power it can dissipate for a case 
temperature $55°C? For half that power level, to what temperature can the case be allowed to rise? For 
an ambient temperature of 30'C, what is the thermal resistance of the heat sink needed in each of these 
situations? For a modular heat sink design for which the rating is 3'C/W for each cm of length, how 
long a heat sink is needed in each case? If all the thermal resistance measurements cited can be in error 
by as much as 20%, to what length must the large heat sink be increased to guarantee safe operation? 


A BJT for which Ту max = 150°, and Өс = 2°C/W, operates with an electrically-isolating bond to a heat 
sink for which the resistances are Өсу = 0.5°C/W, and Os, = 1°C/W for each cm of heat-sink length, 
respectively. For a 10 cm heat sink, what is the maximum power this device can dissipate for ambient 
temperatures less than 40°C? What is the effect of doubling the heat-sink length? What do you con- 


clude? 
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PROBLEMS: Chapter #9—4 


A power BJT operating at a high current density at J; = 5 А is found to have a base current of 0.2 A and 
a base-input resistance of 0.72 Q. Estimate a value for the base spreading resistance. Estimate a value 
for the base-input resistance at Ig = 3 A. 


SECTION 9.7: VARIATIONS ON THE CLASS AB CONFIGURATION 


D 
9.18 


9.19 


9.21 


A version of the circuit in Fig. 9.24 of the Text, uses equal current sources, J, in place of Кү and К». 
What must their value be for the following situation: the maximum load current is 100 mA, B,,, 2 100, 
Bonp 2 80; the minimum current in Оу and Q, must be no less than the maximum base currents of Q3 or 
Q4, nor smaller than 1.5 mA. For the situation in which Оз and Q4 have junction areas 5 times those of 
Q, and 0» and conduct 50 mA at 0.7 V, (with л = 1 for all), find R4 = R4 so that the quiescent output 
current is equal to J calculated above. For what value of R; is the small-signal gain 20.90 for output 
voltages a) near zero volts b) near +10 volts, c) near —10 volts. 


For the output stage using compound devices as shown in Fig. 9.27 of the Text, the output npns are 100 
mA devices while the other transistors are 1mA devices. For the npns, B 2 100, and for the pnp, B 2 20. 
Find the voltage needed across the Үвк multiplier for a standing current, 7o, of 10 mA in the output, 
when a) the circuit is as shown, b) the base-emitter junctions of Q, and Q4 are shunted to provide 1 mA 
currents in each of Q, and Оз. For each situation described, with calculated voltages applied between 
the bases of Q, and Оз, estimate the total effect of all transistors having a B which is ten times their 
minimum specified value. 


For the circuit of Fig. 9.28 of the Text, in which transistors conduct 1 mA at 0.7 V, with n = 1 and p 2 
100, and Ibias = 1 mA, find Re; = Кк» so that the outgoing short-circuit current is limited to 25 mA. 
What is the current available without Q5? 


For the circuit shown, with B ranging from 
50 to 150, V4 = 100 V, and r, = 10 Вг, 
find the limits of the ranges of values of 
Em eq» VAi,» Rin and Коц. 
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PROBLEMS: Chapter #9-5 


Consider the circuit shown as a simple candidate for use in a 
thermal-shut-down mechanism. The transistor has Увк of 0.7 
V at 100 pA, B = 100 and a TC of -2 mV/'C at 25°C. 
Design the circuit so that at 125°C the current in R, and О, 
are each 100 НА. What is the current in Q, at 25°C? For 
what supply voltage (nominally 10 V) would the current at 
25°C be double the value found? For operation at 100°C, at 
what value of supply voltage does the current in Q, become 
50 uA? 


SECTION 9.8: IC POWER AMPLIFIERS 


D 
9.23 


9.24 


9.25 


9.26 


9.27 


Consider the circuit of Fig. 9.30 in the Text. For operation with a supply voltage of 25 V, it is desired to 
reduce the input bias current to 0.5 ҢА while maintaining nearly the original gain. Find new values for 
all the important resistors that must be changed. As a result of your change, what happens to the steady 
currents in О 2 апа Qg? Assume B,,, = 100, В,„, = 20, | Veg | = 0.7V. | 


For the circuit shown in Fig. 9.30 in the Text, operating from a 27 V supply with all transistors (but Q4 
and Оо) of the same junction 5126, and Үд = 100 V, and with Bron = 100 and Ppnp = 20, estimate the 
gain A (as shown in Fig. 9.31) with no external load, and the corresponding 3 dB rolloff. Note that the 
current level in Оо is about 10 times that in О |]. 


For the circuit of Fig. 9.33 of the Text, find the value of R4 for which a load current of 50 mA is shared 
equally by Q3 and Qs. By what factor does the current in Q4 increase for a total output current of 1A? 
Qs and Од both have an emitter-base voltage of 1.0 V at 1A, while Оз and Q4 are 10 mA units, and Q}, 
О» аге 1mÀ units. All show a 0.1 V/decade junction-voltage variation. Use B = 30 for Qs, Од and 100 
for the other devices. What values of К; and Кс ensure a quiescent current of 2mA in О» and Q4? 


Design the bridge amplifier shown in Fig. 9.34 of the Text, to provide the largest possible output sine 
wave from an input sine of 0.1 V peak. The input resistance should be 10 КО or more, with the largest 
available resistor limited to 10 МО. The op amps saturate at (at most) 2 V from the supply rails. Use 
+12 V supplies. 


Modify the connections shown in Fig. 9.34 of the Text to create a bridge amplifier with infinite input 
resistance. Choose values to provide a 20-V peak output from a 1-volt peak input signal. 


SECTION 9.9: MOS POWER TRANSISTORS 


9.28 


9.29 


A power MOSFET for which ju, C,, = 30uA/V? has W = 10°um, L = 5ит. For electrons in silicon, 
Шш = 5x10* m/s and р, = 5x10 ?m?/Vs. For V, = 2 V, find the value of vgs for which velocity satura- 
tion begins. What is the corresponding current? What are the currents at twice and half this value? 


Find g, at all three values of current. 


For the class-AB amplifier shown in Fig. 9.38 of the Text, operating in the non-saturated-velocity region, 
K = AkK(W/L) 200 тА/У?, | V, | = 2 V, | Vee | = 0.7У, B is high, and the quiescent currents 
Ір = Іру = 15 = Із = 5 mA. Find the required voltage Үүд between the bases of Q; and Од. What is the 
value of resistor R? If the TC of V, (at low currents) is -3 mV/'C and of Vgg is -2 mV/'C, what 
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fraction of the voltage V,4 must appear across 0? Estimate the voltage gain of the resulting stage for а 
load of 100 62 for a) outputs around 0 volts b) around +20 V. 


9.30 

In the circuit shown, where K = ИК (W/L), Ку = Ка 
= 100 К. = 100K; = 100 mA/V%, and | V, | = 1 volt 
for all devices. Find J for a quiescent current in Оз 
and Од of 10 mA. What is the gain of the amplifier 
with a 100 Q load, for an output voltage of a) 0 V 
b) +10 V. Find voltages at А, B, C, D for each - 
casc. Comment on the mode of operation of each 
transistor in each case. 
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ANALOG INTEGRATED CIRCUITS 


SECTION 10.1: THE 741 OP-AMP CIRCUIT 


D 
10.1 


10.4 


In the 741 op-amp circuit of Fig. 10.1 of the Text, transistors О у and О with Rs establish /ккк for 
the rest of the circuit. For +15 V supplies and | Vgg| = 0.7, what value of Jpg results? What is [per 
for +5 V supplies? То what value must Rs be changed to restore /ккк to its high-supply value? 
Specify it to 2 significant digits. 


For the situation described in P10.1 above, consider the operation of the Widlar current source involv- 


ing Оо and Оц with R4. For both devices having /$ = 10^!*A and n=1, calculate the Widlar output 
current for £15 V and +5 V supplies. Choose a new value for R4 which reestablishes the +15 V 
current level in О уо for the +5 V situation. 


A designer, attempting to reduce the number of high-value resistors in the 741 design shown in Fig. 
10.1 of the Text, notes the possibility that Rg can be replaced by another transistor О 5 and a small 
resistor Куз. Suggest two possible connections and corresponding resistor values to establish a suitable 
current. Which is best? Why? 


Reflect upon the ability of the extended input stage of the 741 Op Amp of Fig. 10.1 (consisting of 
Qi, Q2, Оз and Q4, with Qs, Qc, Qs, Оо, Оо) to withstand the application of voltages outside the 
normal operating range. For this purpose, approximate the breakdown voltages as follows: 7 V 
between the ripn base and emitter, and 50 V for both pnp junctions and the npn base-to-collector junc- 
Поп. Specifically, consider a) In+ and In- connected in all possible ways to the +15 V rails, b) In+ 
and In- having voltages somewhat outside the supply range. What are the limitations you see? 


SECTION 10.2: DC ANALYSIS OF THE 741 


10.5 


10.6 


10.7 


10.8 


10.9 


For the Widlar current source in Fig. 10.2, find the effect on Equation 10.1 of making the base-emitter 
junction of Оо k times that of О. For /кеғ = 730 pA, R4 = 50000, k = 0.5, what does /с1о 
become? For what value of R4 does it become 19 [LA again? 


For Їсїо = 19 НА, and the inputs to the bases of Q; and Q, both at zero, what voltage on the bases of 
Оз and Q4 results? 


For the mirror circuit consisting of Qs, Qc, Ол, and assuming all devices conduct approximately the 
same current with R; = R2 = 1kQ and R3 = 50КО, find the ratio /cgTc3 in terms of B, assumed equal 
for all devices. What is its value for D = 200? 


For the mirror consisting of Q5, Qs, Оз, find the ratios JcgIcs for R; and А. shorted separately. 
Assume p is high, and operation is at Ics + /с = 191A. 


For the extreme situations described in P10.8 above, what are the corresponding input-offset voltages 


(between the bases of Qj, Q2) which result? Note in general that offsets originating anywhere in the 
input stage can be compensated by varying R, and R2. 


sgj 


10.10 


10.11 


PROBLEMS: Chapter #10—2 


Consider the second stage of the 741 op amp shown in Fig. 10.1 of the Text modified slightly by con- 
necting the lower end of Ко to the emitter of О уу. What should its value be to maintain the current in 
Q үс at its present value? What must (the new) К» be to reduce its current to 4 times that in the base 
of О 17, for which B = 200 is assumed? 


For the output-stage-biasing scheme of the 741 op amp shown in Fig. 10.1 of the Text, what value of 
Rig would be needed to increase the quiescent current in 04, О by 5096? First assume 
К = Ку = 0. Then consider Rg = Ку = 270. | 


SECTION 10.3: SMALL-SIGNAL ANALYSIS OF THE 741 INPUT STAGE 


10.12 


10.13 


10.14 


For a particular application, it is desired to raise the input resistance of a 741-like input stage to 3.6 
MQ for B, > 180. If a change of input-stage bias current is to be used for this purpose, to what value 
must the current be changed? What is the corresponding value of G,,, which results? 


Reconsider the output resistances of Q4 and Qg as calculated in association with Fig. 10.8a, b of the 
Text. What 15 the value of К» for which Rog = Ко = 10.5MQ? What is the corresponding value of 
Ко? Contrast the open-circuit voltage gains for the original and R -modified versions of the input 
stage. | 


In an input-stage design for which the new value of R; and R5, as established for R5 in P10.13 above, 
is used, the actual resistors installed are different from each other by 2%. Calculate the corresponding 
input-offset voltage which results. Contrast that with the result for the original design as calculated in 
Example 10.1 on page 825 of the Text. 


Use the result of Exercise 10.9 on page 826 of the Text to evaluate the required degree of match 
between R; and R3 to ensure that the CMRR without feedback (that is the ratio of Gmi to Сол) 15 
280 dB. 


In the calculation of Ко performed in Exercise 10.10 on page 827 of the Text, its value is seen to be 
dominated by that of Rog. Augment Оз and Оо with additional resistors which will raise Rog to be 
equal to Rojo. What resistors are needed? What value of Ro results? For this situation, find a new 
value for G,,,, as requested in Exercise 10.11 on page 827 of the Text, and CMRR as requested in 
Exercise 10.12, there. 


SECTION 10.4: SMALL-SIGNAL ANALYSIS OF THE 741 SECOND STAGE 


10.17 


D 
10.18 


Find the input resistance of the 741 second stage in the event that Rg is replaced by a transistor 255 
and 1 kQ resistor Ко, all connected suitably to the emitter of Q4. 


A designer wishes to capitalize on the change suggested in P10.17 above by lowering Rg to a value 
which causes R; to return to the value of about 4 MQ. What value of Rg is appropriate? What value 
of Gm2 results? What does Rgj; become? What is the new value of Коз? What is the new value of 
the no-load voltage gain of stage 2? Contrast this with the original value (having the same input resis- 
tance). 


SECTION 10.5: ANALYSIS OF THE 741 OUTPUT STAGE 


10.19 


Assuming the existence of some degenerative process which causes the B of Оз to reduce, what is the 
value for which R;3 reduces to 4 times the value of Ао? What does the second-stage gain become 
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with А; = 2 КО and the conditions assumed just following Equation 10.22 on page 832 of the Text? 
What does the corresponding output resistance become? 


Evaluate the sensitivity of the output-current-limiting scheme involving Кє to the В of Оц and Qis. 
In particular, calculate the output current levels at which the excess current available from 0 узд (180 
LA) is absorbed by Qs, for the cases in which transistor B is 400, 200 or 100. Recall that 
Is15 = 10-14А. 


SECTION 10.6: GAIN AND FREQUENCY RESPONSE OF THE 741 


10.21 


10.22 


10.23 


10.24 


For the situation described in P10.18 above, calculate the overall gain which results when the amplifier 
is loaded with А; = 2 КО. Find the frequency of the dominant pole associated with Сс = 30 pF. 
Find the unity-gain frequency f,. Provide a corresponding Bode plot for this situation. What do you 
notice about f, in this and the original cases? 


Consider the possibility of a 741-like amplifier in which Cç is available for the customization of fre- 
quency response for high-gain applications. What values of Cc would be necessary to maintain phase 
margins of 45° and of 60° for closed-loop gains of 1000 and of 10*. In each of the four cases, what 
upper 3 dB frequencies are possible? | | 


For the two modified versions of the 741 amplifier alluded to in P10.22 above, for which the phase 
margin is 45°, calculate the corresponding values of slew rate SR and full-power bandwidth fy, for 
outputs of +10 V. 


Reconsider the amplifier shown in Fig. P10.44 on page 880 of the Text, modified to have the bias 
currents reduced by a factor of 2, to 50 pA and 500 uA respectively, and the junction sizes of Qg and 
Q4 made 2 times that of Qs. Assume В = 120 and V4 = 200 V for all devices. What is the 
classification of the output stage type? What is its standing current? What is the gain with a load of 
10КО? Calculate the capacitor C required for an open-loop 3dB frequency of 1kHz? 


SECTION 10.7: CMOS OP AMPS 


L* 
10.25 


10.28 


Consider a CMOS amplifier which uses the topology of Fig. 10.23 of the Text, but with somewhat dif- 
ferent device sizing than that in Example 10.2 on page 842 of the Text. In particular, all devices have 
L=10um, the p devices have W -200um, and the n devices are such that 
Ws = 2W4 = 2W; = 200jun. Generally, V4 = 25 V, Vpp = Vss = 5 У, and [кєр = 254A. For all dev- 
ices, evaluate /p, | Vosl , 8m, and rọ, with V4 ignored in the bias calculations. Present these results in 
tabular form. Also find А |, A2, the dc open-loop gain, the input common-mode range, and the output 
voltage range. Use ty, Cox = 20HA/V? = 2, Cox, and | V, |= 1V. 


Repeat Example 10.2 on page 842 of the Text for Їдрр = 12НА. 


A young designer having forgotten the issue revealed in Eq.10.46 on page 844 of the Text, uses 
(W/L )6 = (W/L )4 = 5010 in a design otherwise the same as considered in Example 10.2. What new 
value of Vgs¢ is required? Recalculate the value of Az and the overall gain which result. What is the 
input offset voltage produced? 


For the modified amplifier described in P10.25 above, find the value of Cc that will result in f, = 1 
MHz. Find the value of R that places the transfer-function zero at infinity. Find the frequency of the 
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second pole under the condition that the total capacitance at the output (С) is 10 pF. Find the excess 
phase it introduces at о = @;. For a 10 pF load, what value of Cc is required to reduce the excess 
phase shift to 6° at a modified f, frequency (f,") What is the maximum available slew rate for the 
two cases of excess phase? 


In the CMOS bias circuit in Fig. 10.25 of the Text, all transistors have the same W/L ratio, W/L = 2, 
except for Qj; which is т times larger. For all devices operating at a bias current of 5 ҢА in a pro- 
cess in which jj, Cox = 2.51, Cox = 20 LA/V?, with V4 very large, find Rg, бъ, and gmo, for m 
selected to be a) 2, and b) 5. Note that the circuit incorporates a positive feedback loop involving all 
the transistors and Rg. Breaking the loop at the gate of Qo, evaluate the loop gain in terms of т. 
Are there any restrictions on the value of m which can be used? What factors determine a good 
choice for the value of m? Assume, for simplicity, that operation is at a fixed bas current 75. 


SECTION 10.8: ALTERNATIVE CONFIGURATIONS FOR CMOS AND 


D 
10.30 


10.33 


10.34 


10.35 


BICMOS OP AMPS 


Consider the mirror used for differential-to-single-ended signal conversion in the cascode first-stage 
configuration in Fig. 10.26 of the Text. In this context, consider the relative merit of configuring 
Оз, Q3c, Од, Одс as a simple cascode mirror, or as a Wilson mirror. Assuming all transistors identi- 
cal and characterized by | V,l, K, Vgs, and r,, find the (effect of the) output resistance of each (as seen 
at the drain of Q4c). Also, find the minimum voltage between Vgs 2 and —Vss to ensure that all 
transistors operate in saturation. | 


Repeat Exercise 10.29 on page 852 of the Text for the current 2I reduced to 10 HA, but all other con- 
ditions the same. What values of R, and A, result? 


A designer inspired by the additional gain provided by the cascode connection as exemplified in Fig. 
10.26 of the Text, contemplates the use of a 3-layer cascode using Озсс, Qacc and Vps з with 
Q3cc and Q4cc in a simple cascode connection. Find an expression for the output resistance R, 
now available. For conditions corresponding directly to those in Ex. 10.29 on page 852 of the Text, 
find the new values of R, and А |. Assuming the values of Vgj4s 2 and Vgj4s з to be optimized, what is 
the total voltage required for saturation operation, as measured from the gates of Qj, Q» to the supply, 
—Vss? 


For the circuit in Fig. 10.27 of the Text, and conditions as stated in Exercise 10.30, on page 853, but 
with 21 = Ig = 10НА, find values of Vps 1, Vpias 2» Vaiss з SO that Qg and О» operate at the edge of 
saturation. As well, find the output resistance and overall gain in the event that IV; |= 25 V for all 
devices. | 


A folded cascode such as that shown in Fig. 10.27 of the Text, operates with a bias current of 10 HA 
flowing in each of the devices Qj, Q5, Ос, Ос and Q3c, Олс all having the same value of 
K =k (W/L) and У = 25 V. For a load capacitance, Су, of 10 pF, a unity-gain frequency of 1 
MHz is found. What is the value of g,, for the critical devices? What is the low-frequency voltage 
gain of the amplifier? What is the dominant-pole frequency? The slew rate? 


Repeat Problem P10.59 on page 882 of the Text for the situation in which Zg = 800НА and (W/L), 2 = 
600/10, with р, Cox = 101LA/V 2 and Cy, = 2 pF. What output-pole frequency f, results? For all BJTs 
of the same size, what is the minimum value of unity-gain frequency of the BJT which ensures that 
the parasitic pole is at least a factor of 10 higher than the overall /,. 
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SECTION 10.9: DATA CONVERTERS - AN INTRODUCTION 


10.36 


10.37 


A sample-and-hold circuit operating at a 100 kHz rate uses a sampling switch which closes for a 10- 
nsec interval during each cycle. What is the frequency, f , of the highest-frequency square-wave input 
singal for which the output of the S/H provides an adequate representation? Sketch the output of the 
S/H for input square waves having a frequency f, 0.5f, 1.1f and 2f. Note in this context that 
Shannon's sampling theorem states that sampling must be performed at a frequency at least twice that 
of the highest frequency component to be represented. For a sampling capacitor of 100 pF, what is the 
maximum value of total source and switch resistance that will normally provide samples which are 
accurate to within 170? (Hint: think again of the square-wave situation). 


A signal, to be sampled and converted to digital format, has a dynamic range of £5 V. If it is impor- 
tant to resolve signals and signal changes as small as 0.1 V, what is the number of binary digits (bits) 
required in the converter? What is the greatest possible resolution that a 10-bit converter would pro- 
vide? 


SECTION 10.10: D/A CONVERTER CIRCUITS 


10.38 


10.39 


10.40 


D 
10.41 


For the DAC circuit shown in Fig. 10.32 of the Text, using resistors no smaller than 1 kQ, what is the 
largest resistor required to implement an 8-bit converter? (Be careful!). What is the largest value of 
switch resistance for which the associated error is at most +4 LSB? Assuming that resistors are 
adjusted to compensate for the average value of switch resistance, what variability in switch resistance 
is acceptable if the corresponding error is limited to +⁄ LSB? If the two sources of error identified 
are switch-resistance variation and resistor tolerance, and each is allowed to contribute equally to the 
overall error, what switch-resistance variation and resistor tolerance are needed for the 8-bit converter 
described? 


For an R-2R ladder of 8 bits using a 10 V reference, what is the value of R which ensures that the 
total reference-supply current is 1 mA? What switch resistance would cause an error of 4 LSB if left 
uncompensated? If compensated by an appropriate change in the 2R resistor, what value of switch 
resistance, when doubled, produces an error < 4 LSB? 


A D/A circuit modelled after that shown in Fig. 10.34 of the Text operates with „у = 1 mA and R = 
0.5 КО. If device EB Junction area can be maintained only to within 1%, while other components and 
parameters are ideal, what is the greatest number of bits possible for which the corresponding error is 
t^ LSB? 


SECTION 10.11: A/D CONVERTER CIRCUITS 


Sketch the design of a 2-bit flash converter for signals in the range +1 V using uncompensated op 
amps as comparators. How many comparators do you need? What reference voltages would you use? 
Assuming op amps whose output limiting levels are precisely +10 V, sketch a converter circuit using 2 
op amps, one of which detects the polarity of the input, and, thereby, controls the reference voltage for 
the second. For the analog input connected to positive input terminals of cach op amp, find, for the 
both the 3-op-amp and 2-op-amp designs, the output codes corresponding to inputs of +0.75 V, +0.25 
V, —0.25 V and -0.75 V. Let +10 V correspond to logic '1', and -10 V correspond to logic 'O' in 


both cases. | 
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The following circuit, whose operation is related to that of the charge-redistribution converter, can be 
used as a comparator component in a flash converter. With X indicating an NMOS switch operated by 
non-overlapping positive pulses ФА or «bp, describe Vg: a) during ФА, b) following Ф,, before Dz, 
c) during Фр, d) following Gp, for i) Va > Veer, Ш) Уд < Vgge. Assume that the op amp saturates at 
+10 V. | 
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FILTERS AND TUNED AMPLIFIERS 


SECTION 11.1: FILTER TRANSMISSION, TYPES, AND SPECIFICATION 


L 
11.1 


11.2 


11.3 


11.4 


The transfer function of a first-order high-pass filter (such as that realized by an RC circuit) can be 


, where œ, 15 the 3 dB frequency of the filter. Provide а table of values of 


expressed as T(s) = 
о 


ITI , Ф, С and A at 0 = оо, 20, О,, 0,2, 0,5, 0/10, w,/100, w,/1000. 


A high-pass filter has an equiripple magnitude response and specifications resembling those in Fig. 11.3 
of the Text, but with the passband and stopband exchanged on the frequency axis. Provide a sketch 
corresponding to this situation. If Aj, = 1 dB and A min = 50 dB, find ITI at œ = œ, 0 = 0, and 
0-0, 


A high-pass filter is required to pass all signals within its passband extending from 4 kHz to со, with a 
transmission variation of at most 5590. The transmission in the stopband, which extends below 3.2 kHz, 
should not exceed 0.05% of the maximum passband transmission. Find corresponding values of A max 
Amin and the selectivity factor. 


A high-pass filter is specified to have Aya, = 0.5 dB and Amin = 20 dB. It is found that its 
specifications can be just met with a single-time-constant RC circuit with a time constant т of 10? s 
and a high-frequency transmission of unity. What аге the values of 0), @, and the selectivity factor 
which correspond? In a modified design for which Amin, Amax and 0,0, are the same, but fp = 10? 
Hz, what value of t is required? What is the 3-dB frequency of the STC network? What is the result- 
ing attenuation at 100 Hz? 


SECTION 11.2: THE FILTER TRANSFER FUNCTION 


11.5 


11.6 


A third-order high-pass filter has transmission zeros at œ = 0 and œ = 0.1 rad/s. Its natural modes are at 
s = —l ands = —0.5 0.8. The high-frequency gain is unity. Find T (s). 


Find the order N and the form T (s) of a bandpass filter having transmission zeros as follows: one at 
0 = 0, one at @ =] x 10? rad/s, one at 2 х 10? rad/s, one at 6 x 10? rad/s, one at 12 x 10? rad/s and 
one at оо. If this filter has a monotonically decreasing passband transmission with a peak at the center 
frequency of 4 x 107 rad/s. and equiripple response in the stop bands, sketch the shape of its ITI . 


SECTION 11.3: BUTTERWORTH AND CHEBYSHEV FILTERS 


11.7 


11.8 


Determine the order N of the Butterworth filter for which A ma, = 0.5 dB, A min 2 40 dB, and the selec- 
tivity ratio ,/0, = 1.6. What is the actual value of minimum stopband attenuation realized? If Amin is 
to be exactly 40 dB, to what value can A max be reduced? For Ajax raised by 0.1 dB, what change in 
A min results for the same filter order? 


Design a Butterworth filter having the following low-pass specifications: fp = 20 kHz, A max = 1 dB, fs 
= 30 kHz and А min = 20 dB. Find N, the natural modes, and T (s). What attenuation is provided at 25 


kHz? 40 kHz? | 
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Contrast the attenuation provided by a 3rd-order low-pass Chebyshev filter at 0), = 20, to that provided 
by a Butterworth filter of the same order. For both, А max = 1 dB. Sketch ITI of both filters on the 
same axes. 


Repeat P11.7 above for a Chebyshev filter. 


For P11.7 and P11.10 above, with WO, = 107 rad/s, and a dc gain of 1, find the required natural modes. 


SECTION 11.4: FIRST-ORDER AND SECOND-ORDER FILTER FUNCTIONS 


11.12 


11.13 


DL 
11.14 


DL 
11.15 


11.16 


Consider the op-amp circuit of Fig. 11.13a) on page 902 of the Text driven so as to have a infinite input 
resistance, a dc voltage gain of 11, and a 3 dB frequency of 10 kHz using 10 kQ as the lowest resistor 
value. What is the frequency of the associated zero? What is the gain at high frequencies? For the 
pole and zero separated by a factor of 100, what must its dc gain become? 


Use a combination of the table entries in Fig. 11.13 on page 902 of the Text to design a first-order 
bandpass filter using a single op amp with 3 dB frequencies at 100 and 1000 Hz. Arrange for a mid- 
band gain of —1 V/V and midband input resistance around 10 kQ. Available capacitors can be specified 
only to one significant digit. 


Find the transfer function T(s) of the circuit shown: Use it to create a spectrum-shaping network, hav- 
ing a midband gain of —10 V/V, with gain at high and low frequencies of —1 V/V. The 3-dB limits of 
midband gain should be at 100 and 1000 Hz. The midband input resistance should be around 10 KQ. 
Available capacitors can be specified to only one significant digit. Sketch and label a pole-zero plot for 
this design. 


Use the circuit in Р11.14 above, and any insight you may have derived about it, to design a spectrum- 
shaping network, for which the gain between (3-dB points at) 100 Hz and 1000 Hz is —1 V/V, but the 
gain at high and low frequencies is -10 V/V. Arrange that the lowest resistance presented to the input 
source is around 10 kQ, with the same capacitor-availability restriction as stated in P11.14 above. Pro- 
vide a labelled pole-zero plot. 


For the op-amp phase-shifter circuit derived from that shown in Fig. 11.14 of the Text by the exchange 
of R and C, find the transfer function T (s) and the corresponding pole and zero. What phase shift 
results at @ = УСК? For an input frequency of 107 Hz, and C = 1.59 nF, what values of R are 
required for phase-shift magnitudes of 6°, 12°, 30°, 60°, 90°, 120°, 150°, 168°, and 174°? 
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Use the information in Fig. 11.16c) on page 907 of the Text, to obtain the transfer function of a 
second-order bandpass filter with @„ = 10? rad/s, a maximum gain of 1, and a 3-dB bandwidth of 200 
rad/s. What are the frequencies at the stopband edge as characterized by A min = 20 dB? 


Using the information provided in Fig. 11.16b) on page 907 of the Text, find the transfer function for 2 
second-order high-pass filters for which A max = 3-dB, Q, = 1 rad/s, and the maximum gain is 1. For 
one version, the maximum gain occurs at very high frequencies; for the other, the maximum is at rela- 
tively low frequencies. Each has the maximum possible Q. For each, what is the lower 3 dB fre- 
quency, and А min at 0), = # rad/s? | 


Use the result of Exercise 11.15 on page 905 of the Text to find the transfer function of a notch filter 
that is required to eliminate 60 Hz power-supply hum in an instrumentation system. То accommodate 
some variability in the power-supply frequency component values, design the filter to provide 20 dB or 
more attenuation over a band of 1 Hz total width, nominally centred at 60 Hz. The high-frequency 
transmission is to be unity. What is the 3-dB bandwidth of the notch? At what frequencies is the notch 
transmission down by 1 dB? by 1%? 


SECTION 11.5: THE SECOND-ORDER LCR RESONATOR 


D 
11.20 


11.21 


11.22 


Using the data in Fig. 11.16c and Equation 11.29 on pages 907 and 905, respectively, of the Text, 
design the LCR resonator of Fig. 11.17b) (on page 910 of the Text) for operation at 1 MHz with a 20 
kHz bandwidth, for R = 10 КО. What is the rms output when driven by a 1 MHz 1 mA-rms current? 


The user of an FM radio receiver, discovering that reception is bad due to overload from a nearby 
broadcast transmitter radiating at 99.9 MHz, considers the use of a "wave trap" employing the notch cir- 
cuit of Fig. 11.18е) on page 912 of the Text. The input resistance of his receiver is 750. Design the 
trap's LC components so that the loss presented to stations 2 MHz from the interfering one is only 3 
dB. If the initial adjustment and stability of the trap components is such that the trap can be off-tuned 
by as much as 100 kHz, what attenuation would you expect of the offending station's signal? 


Using the circuit of Fig. 11.18c) on page 912 of the Text, design an RLC high-pass filter having a max- 
imally flat response with a 3-dB frequency of 100 kHz, to operate as part of a circuit for which the 
loading resistance is 10 КО. If coil Q of 50 is available, find suitable values of L and C. 


SECTION 11.6: SECOND-ORDER ACTIVE FILTERS BASED ON 


D 
11.23 


DL 
11.24 


INDUCTOR REPLACEMENT 


Design the inductance-simulator circuit of Fig. 11.20 of the Text to realize inductances of 10 Н and 0.1 
Н for operation around 1 kHz. Choose a majority of resistors of value 10 КО and a capacitor whose 
impedance is about 10 kQ at the operating frequency. Available capacitors can be specified to only one 


significant digit. 


Use the designs prepared in P11.23 above to create a circuit which, when connected to a source having 
an output resistance of 20 kQ, provides a bandpass function at 1 kHz. with a) the highest possible Q, 
b) the least-possible capacitor spread c) equal-valued capacitors (specified to 1 significant digit) and a 
change of a single resistor but whose value is not less than 1kQ. What are the Q values which result in 


each case? 
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Design a fifth-order Butterworth LP filter having a 3-dB bandwidth of 10* Hz, and a dc gain of 10. Use 
a cascade of the circuits shown in Figs. 11.22a) and 11.13a) of the Text. Assume that capacitors of any 
required two-digit value are available as composed of 2 paralleled parts, each specified to 1 significant 
digit. Use as many resistors of 33 kQ as possible. [Your boss has a surplus of these, since all the other 
employees seem to prefer to use 10 kQ in their designs! As well, she likes the colour code!] 


Rework the transfer function of the BP filter given in Table 11.1 on page 922 of the Text, to employ 
equal capacitors C with two resistors chosen to control Q and @, as conveniently as possible, with all 
the other resistors of some fixed value. For Q ranging from 0.5 to 50, and capacitors specifiable using 
single digits 1, 2, 3 or 5, what is the range of values, specified by the ratio of maximum to minimum 
value, required for the resistors selected to tune Q and @,. 


SECTION 11.7: SECOND-ORDER ACTIVE FILTERS BASED ON THE 


CDL 
11.27 


TWO-INTEGRATOR-LOOP TOPOLOGY 


Design the KHN circuit of Fig. 11.24a) of the Text to realize a bandpass filter with center frequency of 
10 kHz and 3 dB bandwidth of 500 Hz. Use 1 nF capacitors. Arrange that the input resistance is 100 
КО, that 100 КО resistors predominate, and that no resistor larger than 1 MQ is used. (Ни: In general, 
you may have to replace Ry by a T network.] Sketch the complete circuit and specify all components. 
What center-frequency gain results? 


Use the KHN circuit with an output summing amplifier, to design a low-pass notch filter with f, = 5 
kHz, f, = 7.5 kHz, Q = 10 and a dc gain magnitude of 3. Where possible, use the values found in 
Exercise 11.22 on page 929 of the Text. 


Consider the bandpass filter described in P11.27 above, implemented using the Tow - Thomas biquad. 
Maintain the same center-frequency gain. Find suitable capacitor and resistor values, (assuming no 
value restriction). 


SECTION 11.8: SINGLE-AMPLIFIER BIQUADRATIC ACTIVE FILTERS 


DL 
11.30 


CL 
11.32 


Design the circuit of Fig. 11.29 of the Text to realize a pair of poles for which w, = 10? rad/s and 
Q = N2. Use the largest possible values of resistance, but with 1 MQ as the largest available (pre- 
cisely specifiable) value. Precision capacitors available are specified to one significant digit, either 1, 2 
or 5. 


Design the Bridged-T-based circuit of Fig. 11.30 of the Text, to realize a bandpass filter with center fre- 
quency of 10 kHz, center-frequency gain magnitude of 1, and 3-dB bandwidth of 500 Hz. Use 1 nF 
capacitors. What is its input resistance at very-low and very-high frequencies? 


For the bandpass circuit of Fig. 11.30 of the Text, find an expression for the input impedance as a func- 
tion of component values and ©, and then as a function of center-frequency gain, à, and Q. What is 
the value of input impedance at very low frequencies, very high frequencies, and at the center fre- 


quency? 
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DL 


11.33 Design a 7th-order Butterworth low-pass filter with a 3-dB bandwidth of 5 kHz and a dc gain of unity, 
using the cascade connection of 3 Sallen-and-Key biquads [Fig. 11.34c)], and a first-order section [Fig. 
11.13a)]. Use a 3.3 nF value for all capacitors. 


SECTION 11.9: SENSITIVITY 


11.34 In a particular implementation of the feedback loop of Fig. 11.34a) of the Text, for which the values of 
о, and Q are given by Equations 11.77 and 11.78 respectively, each of the capacitors Сз and C, is 
created using the parallel combination of 2 others. In particular, C4 = Сз, + Сз where C4, = k4 Сз, 
and C4 = C4, + Сар where Сар = Ка C4, for O S Кз, k4 < 1. Find the passive sensitivities of w, and 
О relative to C4,, C35, Саа, Cap in terms of Кз, k4, and when k, =k, = 1. 


11.35 The feedback loop of Fig. 11.34 of the Text, for which @„ and Q are described by Equations 11.77 and 
11.78 there, operates over a range of temperatures for which the resistors, nominally equal, have a resis- 
tance which is not exact and, as well, a function of temperature, T. Thus Ку =k; R and R2-k;R 
where ki, k 2 1 Ek, k ««l, and R = К, (1+ a(T,; —T)). Find the sensitivities of œ, and О to both 
k and T. Note that although this is a special situation in which the resistors vary equally around a fixed 
mean value, the results can be usefully combined with the average resistor sensitivity of —1/2, as 
needed. 


SECTION 11.10: SWITCHED-CAPACITOR FILTERS 


11.36 For a dc voltage of 1 V applied to the input of the circuit of Fig. 11.35b) of the Text in which the capa- 
citance C, is 0.1 pF, what charge is transferred for each cycle of a 1 MHz clock. What is the average 
current drawn from the input source? What is the equivalent resistance seen by the input source? For a 
2 pF feedback capacitance, what change in output would you expect for each cycle of the input clock? 
In what direction? For an amplifier saturating at £10 V, how many cycles does it take for the amplifier 
output to go from one limit to the other? What is the average slope of the output? What does the slope 
become for an input of —0.1 V? 


11.37 Design the circuit of Fig. 11.37b) of the Text to realize, at the second integrator output, a Butterworth 
(maximally-flat) low-pass function with зав = 10? Hz, and unity dc gain. Use a clock frequency of 
fe = VI, = 1 MHz with C, = C; = 2 pF. Find values for Сз, Сд, Cs, Ce (Note that for a 2nd-order 
maximally-flat response, Q = IW 2 and €345 = @,). Characterize the output of the first integrator: 
What is its centre frequency? Its 3-dB bandwidth? Its associated maximum gain? 


SECTION 11.11: TUNED AMPLIFIERS 


11.38 A signal source with internal resistance Rs = 10kQ is connected to the input of a common-emitter BJT 
amplifier having an emitter resistor Rg. From base to ground, a tuned circuit having L = 11H and C = 
200 pF is connected. The transistor is biased at 1 mA, with B = 200, С, = 10 pF and C, = 1 pF. The 
transistor has a load resistance of 5 КО. Find 0, Q, the 3-dB bandwidth and the center-frequency gain 
which result for: a) Rg = re, b) Re = 9г„. (Hint: Use a Miller calculation for the effect of both C, and 


C4). 


11.39 Repeat P11.72 on page 971 of the Text for the situation as described, except that the base is connected 
to a coil tap located at a fraction k from the grounded end ( the one to which the emitter is connected.). 
Find w,, Q, the bandwidth and overall center-frequency gain for: a) К = 0.5 and b) k = 0.1. Contrast 
these results with those found in P11.38 above. 
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PROBLEMS: Chapter #11—6 


А coil having an inductance of 2 ИН and intended for operation at 10 MHz, has a Q specified to be 
200. What is its equivalent series resistance, its equivalent parallel resistance, thc value of thc resonat- 
ing capacitor, and the parallel resistance, which, when added, provides a bandwidth of 200 kHz? 


A particular LC single-tuned amplifier has a center frequency of 1 MHz and a 3-dB bandwidth of 100 
kHz. What is the corresponding Q? How many such amplifiers synchronously-tuned would result in a 
bandwidth reduced to 50 kHz? For the basic amplifier, what is the 30-dB bandwidth and skirt selec- 
tivity? What do these become for the synchronously-tuned cascade with a 50 kHz bandwidth? 


A two-stage 4th-order stagger-tuned Butterworth design is required with center frequency of 10.7 MHz 
and an overall bandwidth, В = 250 kHz. Using 3 H inductors, find C and R for each of the two 
stages. What is the relative peak gain of cach of the two stagcs? 
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Chapter 12 


SIGNAL GENERATORS AND WAVEFORM - SHAPING CIRCUITS 


SECTION 12.1: BASIC PRINCIPLES OF SINUSOIDAL OSCILLATORS 


12.1 


CD 


12.2 


12.3 


12.4 


12.5 


Consider a sinusoidal oscillator consisting of a non-inverting transconductance amplifier and ап RLC 
tank circuit. The amplifier is characterized by transconductance С, input resistance R;,, and output 
resistance Rọ. The tank circuit employs a tapped inductor L for which the turns ratio is n (see Fig. 
11.42 on page 951 of the Text), and whose total series resistance is Ry, with a capacitor C whose 
(small) loss is represented by a parallel resistance R,,. For the amplifier input connected across the 
small part of the coil, and the amplifier output connected so as to drive it all, find an expression for the 
conditions for oscillation, the oscillation frequency, and the required relationship amongst parameters. 


For the situation described in P12.1 above, sketch the corresponding circuit topology. Prepare a second 
sketch to show what must be done if the available transconductance is of an inverting kind. What are 
the new conditions for oscillation? 


For a situation related to that described in P12.1 above, the connections between the coil and transcon- 
ductor are exchanged, such that its output drives the tap, while its input is connected across the entire 
coil. What are the conditions which prevail at the threshold of oscillation? 


For a particular oscillator application, the limiting-amplifier topology shown in Fig. 12.3 of the Text is 
being considered. The requirement is a design with a maximum gain of 5 which reduces to 0.5 at 2.5 
V, and has an input resistance of 10 kQ. The op amp to be used has an open-loop gain of 1000V/V or 
more. Supply voltages of £10 V are available. Assume a diode drop of 0.6 V at the levels of conduc- 
tion implied. Find appropriate component values. If the op amp, assumed to have a single-pole rolloff, 
has an f, of 1 MHz, what is the maximum frequency of operation for which an amplifier phase shift of 
2' can be tolerated. 


Reconsider the circuit of Fig. P12.8b) on page 1032 of the Text with А, = 10 КО, R; = 7.5 КО and a 
resistor Ry = 10 kQ connected in series with Z; and Z5. Sketch the resulting transfer characteristic 
under the conditions that Vz = 6.8 V, Уу = 0.7 V and [zy is 100 НА. Show what happens if, for a 
better zener, /z; reduces to 10 uA. 


SECTION 12.2: OP-AMP-RC OSCILLATOR CIRCUITS 


DL 
12.6 


12.7 


Design a basic Wien-Bridge oscillator circuit, using the topology of Fig. 12.4 augmented by a gain- 
control mechanism consisting of two paralleled anode-to-cathode-connected diodes and a series resistor 
equal to К». The diodes are 1 mA units for which n = 2, and the voltage drop at 1 mA is 0.7 V. 
Select component values for an output voltage of 2 V peak-to-peak at 10 kHz using 10 nF capacitors. 
Assume the op amp to have A, and f, high enough to be ignored. 


A designer, wishing to use the idea described in P12.6 above at a higher frequency, is concerned with 
amplifier phase shift. She considers an otherwise-suitable amplifier for which f, = 1 MHz. What is the 
highest nominal frequency of operation for which the actual frequency of oscillation is different by 10%, 
because of amplifier phase shift. What must the amplifier closed-loop gain be for operation in this 


mode? 
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PROBLEMS: Chapter #12—2 


CL 


12.8 

A designer, wishing to employ the phaseshift inherent in a 
compensated op amp, operated in a closed loop in the vicin- 
ity of its 3dB frequency, considers the circuit shown: For an 
op amp having a relatively large open-loop gain and high- 
order poles remote from /,, find expressions for the loop 
gain and potential conditions for oscillation. For what value 
of К» is the frequency of oscillation 4/RC? Now for excess 
phase shift at /,, what occurs? How could you use this idea 
to evaluate f,, and phase margins under various conditions? 


CL 


12.9 The circuit of Fig. P12.18 on page 1033 of the Text is modified by removing the rightmost resistor R 
and connecting the lower node of the rightmost capacitor C to the op-amp negative input. Find an 
expression for the loop gain, the frequency of possible oscillation and the conditions for which it occurs. 
What is the sensitivity of the frequency of oscillation, and of the critical value of Ry to a deviation of 
value of any one of the resistors R. 


12.10 Another possible variant of the phase-shift oscillator of Fig. P12.18 of the Text can be considered in 
which the right-most RC circuit is removed, and a capacitor C is shunted across Ry. Find an expres- 
sion for the corresponding loop gain, and the frequency and gain conditions for possible oscillation. 


CD 


12.11 A phase-shift oscillator is considered which resembles that of Fig. 12.7 of the Text, but uses a positive- 
gain amplifier. What is the minimum number of RC sections required? What is the corresponding fre- 
quency of oscillation and critical value of gain, K? 

C* 

12.12 For the circuit of Fig. 12.8 of the Text, consider the effect of adding an additional RC section. What 
are the conditions of oscillation? For the modified and original circuits, find the effect on frequency and 
critical gain of a simultaneous change in value of all its resistors R. [Hint: Economize your effort by 
using the technique described in Exercise 12.5 on page 963 of the Text. Correspondingly, note the solu- 
tion of Exercise 12.5 which emerges in your work.] 


C*D 
12.13 Design the active-filter tuned oscillator shown in Fig. 12.11 of the Text for operation at 10 kHz using 


10 nF capacitors, and diodes for which the voltage drop is a 0.7 V at 1 mA. Establish О to reduce the 
3rd-harmonic distortion to less than 1%. What is the output voltage which results? 


SECTION 12.3: LC AND CRYSTAL OSCILLATORS 

C*L** 

12.14 For the Colpitts oscilator shown in Fig. P12.21b) on page 1034 of the Text, in which both FETSs are 
matched with Ipss = 4 mA, V, = —2 V and Уд = 100 V, the load resistor is 10 КО, and the inductor 
has an inductance L = 10 uH with a О of 100 at the operating frequency of 1 MHz. Find the values of 
C, and С, to ensure oscillation at 1 MHz. With С, set 5% lower than the value calculated, and the 
gate-to-source diode of Q; characterized as having a 0.7 V drop at 1 mA and л = 1, find the output sig- 
nal amplitude, assuming the supply voltages to Q; and О; are high enough. For supplies of +3 V, 
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PROBLEMS: Chapter #12—3 


estimate the amplitude of the output signal. (Hint: Use the incremental slope of the characteristic in the 
upper end of the triode region for a value of Ups slightly less than |V,,l . 

C*DL* 

12.15 A particular quartz crystal is measured to have a series resonance at 2.015 MHz, a parallel resonance at 
2.018 MHz, a parallel plate capacitance of 4pF, and a Q of 50 x 10°. Find corresponding values of 
L, С,, and r. When used in the circuit of Fig. 12.16 of the Text, С» = 10 pF, and C, can be as low as 
1 pF. For device sizing and Ирр such that g,, = 8mp = 1 mA/V and Уд is large, with R; = 1 MQ, 
choose values of C, and К], for which the loop gain can be assumed to be >1. (Hint: Consider the 
CMOS amplifier as an op amp with finite gain loaded by К ll Ry, with gain established by a network 
consisting of Miller-multiplied Ry reflected back through the C yC, capacitor ratio, driven by Кү. Using 
this idea, find a maximum value for А |). 


SECTION 12.4: BISTABLE MULTIVIBRATORS 


CDL** 
12.16 For the CMOS circuit shown, in which all transistors are matched with K — Ak (W/L) = 1 mA/V?, and 
IVI = 1V, 
Ул = 30 V, design a version whose output voltage 
range extends beyond +4.9V and +0.1V for inputs 
in the range О to 5V, with Уту = 2.0V, and Vry = 
3.0V. What is the consequence on the input thres- 
vs holds of К and V, varying by #20%? For amplifier 
capacitance characterized as 10 pF at each inverter 
input and 1 pF at each inverter output, estimate the 
output rise and fall times. For an input rising and 
falling at a rate of 1 V/usec, estimate delay time 
from the time the source begins to change until 
regeneration begins. | 


C 


DL 
12.17 In the circuit shown, using a high-gain op amp, the output signal is +13 V or so with + 15V supplies, 


and 
| diode drops are 0.7 V for reasonable currents. 
Design А, R$, and Аз so that each diode, when 
conducting, has a current in the range 1 to 4 mA, 
with as low a current level as possible preferred. 
What are the input thresholds Уту, Угн for this cir- 
cuit? 
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PROBLEMS: Chapter #12—4 


12.18 In the circuit shown, all transistors have 1У,| = 1 V and, with K = AK (W/L), Ку = К = K4-7 Ка 
= 2K; = 2Kg = 1004A/V?. 

Sketch and label the transfer characteristic of the 

Оз – Q, inverter. Now sketch and label the 

transfer characteristic 0, versus tj. What are Ур 

and Vit? 


vi Vo 


SECTION 12.5: GENERATION OF SQUARE AND TRIANGULAR WAVEFORMS 
USING ASTABLE MULTIVIBRATORS 


DL 


12.19 
With high-gain op amps for which v, of 


+13 V is guaranteed, design the circuit 
shown, using a 6.8V zener diode, to pro- 
vide a triangle-wave output at v3 of +1 V 
amplitude at 10 kHz, using a 1000 pF 
capacitor. Arrange a current of at least 1.0 
mA in the zener diode and approximately 
equal current flow in R2 and R. For this 
design, find both the average and extreme 
slopes of the output triangle wave. If it is 
important to reduce the slope variation by 
a factor of 2, show a simple circuit 
modification involving the addition of 2 
resistors and suitable changes in values, 
which does the job. 
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PROBLEMS: Chapter #12—5 


12.20 Use the topology of Fig. 12.25 of the Text, implemented using the output-voltage-regulator scheme 
shown in P12.19 above, to provide square and triangular waves at 10 kHz, each of +1 V peak ampli- 
tude, the square wave being obtained from an appropriate voltage divider using a 1 mA current. Notice 
that the required bistable is of the non-inverting type. What must its upper and lower thresholds be? 
Sketch the complete circuit, and select values consistent with specifications provided in P12.19 above. 


SECTION 12.6: GENERATION ОЕ A STANDARDIZED PULSE – 
THE MONOSTABLE MULTIVIBRATOR 


12.21 The circuit shown uses an op amp for which the limiting output voltages are +10 V. 


12.22 For the circuit shown, Q; through Q4 have 1У,| = 
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For this design, А, = КЁз=100КО, 
R; = R5 = Ка = 10КО, C, = 10 nF, С» = 1000 pF. 
What are the resting voltages at A, В, C, D? 
What is the minimum amplitude of a positive step 
(V) at the input that will trigger the circuit? Sketch 
waveforms at all nodes for the case in which V is a 
5 V step. What is the length of the output pulse 
produced? What is the purpose of R4? For V, a 
rate-limited rising input of 5 V, what is the slowest 
rate of rise to ensure triggering? How soon after 
the output falls can the circuit be retriggered with 
the expectation of an output pulse of the usual 
duration? 


1 V and equal values of K = ИК (ИЛ). 
Correspondingly, their active (amplifying) region is 
around Vpp/2 = 2.5 V. Normally A is held at 0 V 
by R5, B is high at 5 V and С is low at OV. When 
input v; is applied, D rises and A rises with it, 
lowering B and causing C to rise, replacing vj 
through D>. For Кү = К) = 10 КО, С, = 10 nF, 
sketch the waveforms at all nodes following the rise 
of vj. What is the expected maximum duration of 
v;? What happens if it stays high longer? In this 
event, the circuit operates open-loop for the fall of 
v, (and does not regenerate upon turnoff). If vj is 
too long and the gain of each stage is 40 V/V, what 
output fall time results? | 


PROBLEMS: Chapter #12—6 


SECTION 12.7: INTEGRATED-CIRCUIT TIMERS 


12.23 


With reference to Fig. 12.28 in the Text, showing the 555 timer opcrating as a monostable multivibrator 
with К = 10 КО and C = 10 nF, what is the length of output pulse produced by a negative trigger 
pulse? What is the maximum length of input pulse which might logically be used? What happens to 
the flip-flop if the input is longer than this? It is usual in the case of such conflict that the flip flop is 
arranged to be so-called "set-dominant', such that v, (that is, О) remains high (with О low) while 5 is 
high (held by V trigger being low). 


With reference to the situation described in P12.23 above, and for normal operation with a 5 V supply, 
what is thc 90 change in output pulse length for each 100 mV increase in the saturation voltage of 01? 


For the astable connection of the 555 timer depicted in Fig. 12.29 of the Text, using C = 10 nF and 
Ra = Rg = 10 КО, what is the frequency of the output at v,? What is the duty cycle? What do these 
become if Rg is reduced to 1 kQ? What change must be made to Кд to return to the same frequency? 
What combination of resistors will provide an output at 10 kHz with a duty cycle of 10%? 


SECTION 12.8: NONLINEAR WAVEFORM-SHAPING CIRCUITS 


DL* 
12.26 


DL* 
12.27 


CD 
12.28 


Design a sine-wave shaper using a series resistance R and two shunting diodes connected to ground, 
one with anode grounded, and the other with cathode grounded. The input is a triangle wave whose 
amplitude is such that its zero-crossing slope equals that of the desired output sinewave. The diodes are 
characterized as conducting 1 mA at 0.700 volts, with n = 2. Find the triangle-wave peak voltage, and 
a suitable value for К. Then find the angles Ө (Ө = 90° at the wave peak) where the output of the cir- 
cuit is 0.7, 0.65, 0.6, 0.55, 0.5, 0.4, 0.3, 0.2, 0.1 and 0 V. Use these angles to find the values of the 
prototype sine wave (i.e., 0, = 0.7 sin Ө) and the corresponding errors. Present your results in tabular 
form. 


Use the results obtained in Exercise 12.22 on page 1017 of the Text, for the square-law shaper shown in 
Fig. E12.22 there, using ideal diodes, as the basis of a design with real diodes. First consider pseudo- 
1-ША diodes modelled by an ideal diode, а 600 mV offset and а 100 Q resistor. Chose new values for 
R,, R2, R4 and associated voltages V4 and V3. Second, using these values of Ү, and V3, create a 
revised design using diodes for which the drop is 0.7 V at 1 mA with л = 2. In each case, in approxi- 
mating i = 0.102, arrange that the approximation is perfect at 2, 4, and 8 volts, and calculate the error at 
3, 5,7 and 10 volts. 


Using the idea embodied in Fig. P12.44 on pages 1037 and 1038 of the Text and similar component 
values, prepare a design of a circuit for which the output is 0, = V; U0; for Юу, V2, V3 > 0. Check cir- 
cuit performance at various combinations of input voltages, say, 0.5, 1, 2, 3 volts. Assume that all 
diodes are identical with 700 mV drop at 1 mA with n = 2. 


SECTION 12.9: PRECISION RECTIFIER CIRCUITS 


D 
12.29 


Combine the circuits of Fig. 12.33 and Fig. 12.34 of the Text into a single one connected both to a 
common source t; and a common load R, as in P12.30 below. Sketch the composite circuit and its 
composite transfer characteristic. Since its output is always positive, yet proportioned to the size of the 
input, what is such a circuit called? k 
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PROBLEMS: Chapter #12—7 


12.30 Note that the circuit created in answer to P12.29 above is not symmetric, in the sense that one amplifier - 


12.31 


12.32 


12.33 


is allowed to saturate. Add an additional resistor R4 and diode D, to correct for this, using the idea 
embodied in the use of D; in the more complete sub-circuit. How should the value of Ёз be chosen in 
relation to Ri, R2, and Ro? 


A designer wishes to create an expanded-scale ac voltmeter in which voltages in the range 100V rms to - 
140 V rms are displayed. Note that for voltages < 100 V rms, the meter reads 100 V at the left end of 
the moving-coil-meter scale. Use a combination of the circuit in Fig. 12.35 of the Text, the idea embo- 
died in Fig. E12.28 on page 1021 there, and a 1-mA 50-Q meter connected in series with R4 = 10 КО 
of the filter. Within the circuit itself, design for signals whose largest value in the normal operating 
range is +10 V. Chose R, to absorb the very large input voltage involved. Note that +15 V supplies 
are available. 


Consider the operation of the circuit shown: What 
is the output voltage for ù; = +5 V, 0 V, —5 V. 
What is the input resistance of the circuit? What 
might the circuit be called? Notice the relationship 
to the bridge amplifier in Fig. P9.52 on pages 808 
and 809 of the Text. 


Consider the transfer characteristic of the circuit 
shown. Sketch and label it for Кү = 1kQ, К, = 100 
КО, R4 = 100 kQ, with rz = rp 50, but Vz = 6.8 
V, Vp = 0.7 V. 
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PROBLEMS: Chapter #12-8 


For the circuit shown using ideal op amps, 
what output results for the application of a 
100 mV peak sine wave of frequency f at 
the input? What happens to the output 
when the input signal is removed? Add a 
component which will return the output 
95% of the way to zero in a time 10/f. 
What happens if the average value of the 
input drifts around by a volt or so at a rate 
f/100 Hz? Add a component to correct 
for drift at the stated rate or less. Provide 
a labelled sketch of the output with these 
two components added. 


Сһар{ег 13 


MOS DIGITAL CIRCUITS 


NOTE CONCERNING STANDARD DEVICE SPECIFICATIONS: In some of the problems to follow, we 
will consider the design of a 3.3 V CMOS inverter in a generic 0.8 um process in which: V, = — V, = 0.6 
V, Un Cox = 100 p A/V?, Hp Cox = 40 HA/V?, and the minimum size digital device has W/L = 1.2 um/0.8 um 
= 1.5. For capacitance calculations, use C,, = 1.8 fF/jun?, gate-drain overlap capacitance as 0.5 fF/um of 
gate width, and drain-to-body capacitance as Cy, = 2.5 Ерт of gate width. For gain calculations, use 
| Va | = 20 V for all 0.8 um channels. For body-effect calculations, \V;ol = 0.6V, y= 0.5 V^, 20, = 0.6 V. 


SECTION 13.1: DIGITAL CIRCUIT DESIGN: AN OVERVIEW 


13.1 The voltage-transfer characteristic (VTC) of a particular logic inverter is observed to have the following 
salient features: 


a) The upper output voltage level is 3.3 V. 
b) The lower output voltage level is O V. 
C) The slope of the characteristic is -1 V/V for inputs of 1.8 V and 1.2 V. 


d) The maximum slope is about — 40 V/V occuring where the input and output voltages each 
equal 1.5 V. 


Sketch and label the transfer characteristics. Find values for Vot, Уон, Уп, Viu, Vin» Ум, NML, NMy. 


13.2 Five inverters of the type described in P13.1 above are connected in a ring (each driving the next; each 
with a fanout of 1). Convince yourself that this circuit will oscillate by sketching waveforms at cach 
successive gate input. Though your sketch can be quite rough, make sure it includes identifiable propa- 
gation delays. The circuit is called a ring oscillator. How many transitions does each inverter make in 
one cycle of the overall oscillation? How many gate-propagation delays ірін are there іп one cycle? 
How тапу tpy,? How many transitions in total? If the ring of 5 oscillates at 100 MHz, what is the 
average propagation delay, tp? If the asymmetry of the inverter makes £p;;j; 20% greater than fpg; , esti- 
mate each value. 


13.3 During oscillation at 100 MHz, the ring-of-five described in P13.2 above is found to use 300 НА from 
the 3.3 V supply. When the loop is opened, and the input to the string grounded, the supply current is 
essentially zero. What is the dynamic power Pp of each inverter (whose fanout is 1)? What is the 
capacitance associated with each? What is the delay-power product DP for this logic? 


13.4 A particular two-input NOR logic gate has tpjj = 30 ns and tpy, = 10 ns. Five such gates, each with 
.one input low, are connected in a ring. What is the frequency of the oscillation which results? Two 
additional NOR gates, А and В, are connected to the ring, gate A to the outputs of gates 1 and 3, and 
gate B to the outputs of gates 1 and 4. Sketch the resulting waveforms at the NOR-gate outputs, paying 


attention to their relative timing. 


SECTION 13.2: DESIGN AND PERFORMANCE ANALYSIS OF THE 
CMOS INVERTER 
13.5 For the generic process described in the introductory NOTE, above, what is the W/L ratio for the 
PMOS device in a matched minimum-size inverter (for which the output drive currents are equal). For 
this design, what are the values of Va, Уп, Vig, МИн, NM,? [Hint: Use Equations 5.93, 5.94, 5.95, 
5.96 and 13.8 in the Text.] 
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13.6 


13.7 


13.8 


13.9 


13.10 


13.11 


13.12 


13.13 


13.14 


PROBLEMS: Chapter #13-2 


For a general CMOS inverter characterized by Vm, Vp» Kn and kp, and Vpp where k = k (W/L), derive 
the expression for Vy = Vm given in Equation 13.8 in the Text. As an extra challenge, you might con- 
sider deriving corresponding expressions for Ин, Viz, NMy and NM,. If you try this, you can test 
your results for the special case of a matched inverter as expressed in Equations 5.93, 5.94, 5.95 and 
5.96 in the Text. 


For the the general CMOS inverter alluded to in P.13.6 above, for which Early voltages аге V4,, Vay, 
find an expression for the slope of the transfer characteristic at Vy. For the general minimum-size 
matched inverter (as described in the introductory NOTE above), what is the voltage gain for a linear 
amplifier biased at Ug = V; = Vy. 


Consider a CMOS inverter for which Hna Cor = 20, Cox = 200A/V?, (W/L), = 8um/2um, (W/L), = 
161m/21un, Vm = -Vp = 1 V, and Vpp = 5 V. What are the resistances from the output node to the 
supply rails for inputs high (+5 V) and low (0 V). 


For the inverter described in P13.8 above, with standard inputs of O V or Vpp, find the maximum 
currents that can be sourced or absorbed with the output joined to ground or Vpp, respectively. What 
do these currents become for an output voltage of Vpp/2? for an output voltage of 0.1 Vpp from either 
Vpp or OV? 


A CMOS inverter for which the device thresholds and k factors are matched, with | V, | nominally 1 V, 
operates from a nominal supply voltage of 5 V. For possible variation of both V, (of both devices) and 
Vpp by 25%, what ranges of Ул, Vix, VoL, Уон result? [Hint: Use Equations 5.93 and 5.94 in the 
Text.] What ranges of NM, and NM, result between various pairs of these inverters? 


Consider the propagation delay associated with the generic minimum-size matched inverter described in 
the introductory NOTE above, in the context of the description of the associated capacitances identified 
in Fig. 13.6 of the Text. In particular, evaluate the total load capacitance C seen by the test inverter 
using Equation 13.12. Assume the wiring capacitance C, to be about equivalent to the n-channel gate 
capacitance. Now, estimate tpy,, tpu and tp from Equations 13.18 and 13.19. 


In the computation for propagation delay leading to Equation 13.17 of the Text, both saturation and 


 triode operation of the driving transistor are considered. What propagation delay would result if 


saturation-mode current was available for the entire half-signal transition? Put your result in the stan- 
dard form represented by Equation 13.18. For the standard minimum-size matched inverter for which 
ЇРШ, = ірін = tp, what are the 3 available estimates? Which is easiest to calculate from first principles? 
(But see the effect of decreased IV,| in P13.13 below.) 


Repeat the analysis leading to Equation 13.18 of the Text, for the situation in which V, = 0.1 Vpp. For 
the approximation in which the initial saturation current is presumed to continue at the level provided by 
Equation 13.14, what relationship results? Finally, substitute for this value of V, in Equation 5.101 to 
find the presumably most accurate result. What do you prefer for rapid analysis? 


The CMOS inverter specified in P13.8 above, and having a 0.5 pF load, is switched at a rate of 20 MHz 
by an input wave whose rise and fall times are each М of the wave period. What is the peak current 
due to gate self-conduction? Assuming the gate self-current to be triangular in pulse form, flowing for 
input voltages v; = IlVj| to v; = Vpp — 1,1, find the average supply current due both to self- 
conduction and capacitor charging. What is the gate power dissipation for this situation? "What is it 
with the load capacitor removed? 
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13.15 


13.16 


13.17 


PROBLEMS: Chapter #13—3 


For the inverter specified in P13.8 above, loaded with a 0.5 pF capacitor, estimate гры, and їрүц using 
Equations 13.18 and 13.19 of the Text. What is the oscillation frequency of a five-stage oscillator? 
What is the corresponding delay-power product? 


A CMOS inverter for which k, = k, =k = 20 AWV 2 and 1У,1 = 0.8 V, is considered for operation in 
an electronic-watch environment with Vpp = 1.3 V. 


(a) For what range of input voltages does Q, conduct? 0, conduct? What happens for v, = Vpp/2? 
(b What range of output voltages is possible? What values of Voy and Vg; can be identified? 


(c) What are the values of Ул and Уң which apply? What currents flow in the transistors for vol- 
tages between Ү and Viy? 


(d) Sketch the transfer characteristic, under the assumption that the input is a triangle wave extending 
from Vo, to Voz, and that the output is loaded with a very small capacitor to ground. 


(e) For the inverter loaded by a 1 pF capacitor, and input driven by an ideal square wave, sketch the 
output waveform. Estimate the times taken for the output to rise and fall by the amount V, fol- 
lowing a change in state of the input? Estimate the propagation delay, as defined as the time 
taken for the output to move to the switching threshold of a succeeding gate, following the cross- 
ing of its own threshold. 

(f) Estimate the frequency of oscillation of a ring of 5 such gates, once an oscillation is initiated. 
Note that this oscillator is not ordinarily self-starting, but must be "kick-started" by an external 
signal. Otherwise, the ring has a stable state with all voltages in a range around Vpp⁄2 (in fact 
from 0.5У to 0.8V). 


Consider ап inverter for — which „С, 2250, Cox = 200A/V 2 (WA), = 18um2pum, 
(W/L ), = 4umA2um, V, = -Үр = 1 V, and Vpp = 5 V. What values of Voy, VoL, Vit, Мн and Vy, 
apply? For the latter threshold voltage used in defining propagation delay, find tp;jj; and tpp, with the 
gate loaded by a 0.5 pF capacitor. 


SECTION 13.3: CMOS LOGIC-GATE CIRCUITS 


D 
13.18 


13.19 


13.20 


For the Boolean function Y = A(B + C), synthesize the РОМ and PUN networks for a CMOS imple- 
mentation using the direct method. Now, use the PDN to obtain a PUN design. Is it identical, or are the 
details of some transistor connections different? Did you have other choices? Now, perform the com- 
plementary process, obtaining the PDN from the PUN. Note in your designs that some transistors are 
connected directly to a power supply while others are more remote. Correspondingly, several different 
arrangements are usually possible. How many different PDN are there? How many PUN? How many 
different gate topologies exist? We will see in other contexts that the position of inputs can effect gate 
dynamic performance, and that, correspondingly, gate performance can be optimized depending on the 
statistics on input activity. 


As noted in Fig. 13.15 of the Text, the PUN and the PDN there, each synthesized directly, are not dual 
networks. Sketch the PDN which is dual to the PUN shown, and the PUN which is dual to the PDN 
shown. How many possible XOR circuits of this general kind are possible using these four networks? 
How many are there if the proximity of an input to a power-supply connection is of importance? 


Design a minimum-size 4-input CMOS NOR gate for ideal performance similar to that of the 
minimum-size matched inverter suggested in the introductory NOTE. What is its arca? Compare that 
with the area of the basic inverter. 
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Repeat P13.20 above for a 4-input CMOS NAND. 
Repeat 13.20 for the circuit whose topology was considered in P13.18 above. 


For the 2-input NOR circuit of Fig. 13.12 of the Text, in which ц, = 21, А, = kK(W/L), =k, 
Vin = У, = 1 V, and Vpp = 5 V, find the value of k, such that the threshold for a single input active 
is 2.50 V. What is the corresponding threshold for both inputs tied together? 


Create a CMOS implementation of the logic function Y = AB + ACD both directly and in factored 
form (ie Y = A(B + CD). Size all devices for worst-case speed performance equivalent to that of the 
minimum-size matched inverter described in the introductory NOTE above. What is the total device 
width needed in each case? Clearly, Boolean factoring and minimization are important elements in digi- 
tal logic-circuit design! 


In a so-called buffered-logic family for which minimum overall size and input capacitance is important, 
a minimum-size input stage is buffered by two additional larger inverters. For example, a buffered- 
inverter input stage is matched, using the smallest possible n-channel device of unit area with a p- 
channel device of twice its width. In the 2nd and 3rd stages, all corresponding devices are each 3x 
wider. What is the total area of the buffered inverter? What is the total area of a buffered 4-input NOR 
whose first stage is made basic-inverter-compatible? What is the input capacitance relative to the 
inverter? А second design is considered with the same stage-sizc ratio (ie 3 X) but using minimum-size 
matched input inverters and an intermediate-stage NAND. What is its total area? What is the relative 
input-capacitance presented? 


SECTION 13.4: PSEUDO-NMOS LOGIC CIRCUITS 


D 
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D 
13.27 


13.28 


Using the parameters introduced in the NOTE preceding Section 13.1, design a pseudo-NMOS inverter 


to operate with a 3.3 V supply using a minimum-size NMOS device and a PMOS of minimum area 


chosen to provide equal positive and negative current drive to a load capacitor at Vg = Vpp/2. What 
value of r is needed? What are Уон, VoL, Vin, Viz, and Vy for this design? What do you think of the 
design? | 


А designer, wanting to reproduce the dynamic behaviour of a complementary matched CMOS inverter, 
considers a pseudo-NMOS inverter using a minimum-size NMOS with a PMOS that provides the same 
maximum load-driving current as is available from a complementary gate. What is the problem with 
this idea? What value of Vo, and Vy result? Use Vpp = 3 V. 
As noted on page 1072 of the Text, pscudo-NMOS 15 a ratioed logic for which 
r = kkp = k„ (W/L „и, (W/L ) has a value from 4 to 10. Using a technology in which р, = 2.0 u, 
and the minimum gate length and width are each 1 unit, consider two types of designs for cach of the 
extreme values of r: 
a) With the minimum-size NMOS and W, = 1 unit, find L, and the combined areas of the n- 
channel and p-channel devices. 
b) With the minimum-size PMOS, and L, = 1 unit, find W, and the combined areas of the n- 
channel and p-channel devices. 
By what factor does the output-current drive improve in design b) over that in a)? Now consider an 
intermediate design c) in which the extreme dimensions of devices are reduced by "sharing" the ratio 
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between the two devices, making each more "square" and reducing the total device area. Find such a 
design for which as many dimensions as possible arc of miniumum value. What is the total area 
required? By what factor does thc output-current drive exceed that in a)? 


Use Equations 13.41 and 13.42 to find the value of r for which the noise margins of a pseudo-NMOS 
inverter are equal. What values of Voy, Vor, Vig, Vii, Ум, NMy, NM, correspond, when Vpp = 3.3 
V and V, = 0.6 V? For the NMOS specified as the minimum-size device in the NOTE preceeding Sec- 
tion 13.1 above, what is Zya? 


For Voz, of a pseudo-NMOS gate expressed as a fraction о of V, = Vp = — Vp» find r. For Vpp = 
3.3 V and V, = 0.6 V, what is the value of r for which a= 0.5? 
For a pseudo-NMOS inverter for which Vpp = 3.3 V and IV,| = 0.6 V, find r for: a) Vy = Урр/2; b) 


VoL = Vi; с) VoL = 0.1 V; d) Vg, = 0.01 V; e) Ул, = 2V,. For case a), find Vor; For cases с), d), 
find VIL. 


For a pseudo-NMOS inverter, use Equations 13.43 and 13.44 and the fact that r = К,/К, to find expres- 
sions for tpu, and tpp in terms of a) К, b) kn. Further, find the ratio tppy/tpy,. For Їрүн = ри, = tp, 
what value of r is needed? For this value, what are Vy,Vo,, and the noise margins? By what factor is 
ірні, longer than that of a matched CMOS inverter using the same devices, supply voltage, and capaci- 
tive loading. Is such a design useful? Recall that the major advantage of pseudo-NMOS occurs with 
complex logic functions where a large saving in gate area can be achieved by eliminating the PUN. In 
some such circumstances a high-threshold complementary load inverter may be used to accommodate 
the high Vg; level of a design like this one. 


An 8-input pseudo-NMOS NOR gate opcrating at 3.3 V uses the standard minimum-size NMOS devices 
described in the introductory NOTE preceding Section 1.1. It is to be loaded with an inverter of similar 
design. For r = 4 and r = 10, evaluate їр and tpu, for a single input active and for two inputs 
operating together. 


Compare the total device areas of pseudo-NMOS and matched complementary CMOS implementations 
of an 8-input NOR. Use all minimum-size NMOS, with k, = 2.5k,, and r = 2. 


SECTION 13.5: PASS-TRANSISTOR LOGIC CIRCUITS 


L 
13.35 


13.36 


For the standard minimum-size NMOS transistor (specified in the introductory NOTE) used as a pass 
transistor in a 3.3-V system, find Vo, and Уон assuming both the logic and gate inputs to be full-swing 
signals, 0 to 3.3 V. For a second pass gate driven Бу this one, what does Voy become? For this value 
of Voy, what current will flow in a connected minimum-size matched complementary CMOS inverter? 
What will the inverter output voltage be? For a single pass gate driving the basic inverter, with a 
second passgate connected to ground at the inverter input, estimate the total capacitance there, and then 
tpLy and tpy,, as the logic input to the pass transistor rises and falls. 


Consider the pass-gate situation described in P13.35 above agumented by the circuit of Fig. 13.28 of the 
Text, using a PMOS of minimum width with (W/L), = 0.1. Using the notation of that figure, at what 
value of vg; rising from 0 V does Ор begin to conduct? What is the effect on tpu? What is the gen- 
eral effect on the upper end of the rising transition? What does Voy become? As measured at ^0, esti- 


mate what рн; becomes. 
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Consider the operation of a single CMOS transmission gate in a pass-transistor logic configuration con- 
nected to a standard matched inverter and a single NMOS grounding switch (as additional capacitance). 
At the inverter input, what do Vo, and Voy become? Estimate the capacitance at the inverter input 
node. Estimate £pjj and tpu. Assume all the pass transistors have (W/L) = 1.2/0.8 to the inverter 
input. 


Following the pattern suggested in Fig. 13.30 of the Text, sketch a PTL version of a 4-to-1 multiplexor 
with automatic decoding of two control bits (Сү and Сз). Label inputs Х|, X5, Хз, X4 and output Y. 
[Hint: Consider 2 inputs at a time.] 


Consider the Exclusive-OR function PTL implementation for two variables shown in Fig. 13.31 of the 
Text. Extend the Boolean expression to a third input variable C. [Hint: А with B produce X and X 
with C produces Y.] Sketch the corresponding PTL rcalization. 


The circuit shown illustrates the existence of yet other possibilities for the design of flexible logic func- 
tions using CMOS devices: | 
It combines aspects of transmission-gate logic and 
Y Z С conventional CMOS logic, with neither in its com- 
1 1 [T plete form. In usual applications, the signal C acts 
as a clock, being normally held high while X, Y 
Q3 Qe Оз and Z change. Finally, C falls while X, Y, C are 
stable. For signals having 0 V and 5 V levels and 
using the positive logic convention (where logic '1' 
C — Q4 is high), prepare a truth table for F. Express F as 
a function of C, X, Y, 2. In an application in 
which variable X is available, but X is not, suggest 
a means to provide the required function without 
adding a (complete) additional inverter. 
For dynamic operation of the original circuit equivalent to that of a basic symmetric inverter with 
(W/L), = lOum/5um, chose appropriate device widths on the assumption that all device lengths are 


Sum. 


Following the idea suggested in Exercise 13.9b) in conjunction with Fig. 13.32 of the Text, sketch the 
circuit of a CPL XOR-XNOR of 3 variables A, B, C. It is known that A is the most active signal 
changing twice as often as B and four times as often as C. The dynamic response of your design can 
be improved using this fact. How? 


SECTION 13.6: DYNAMIC LOGIC CIRCUITS 


13.42 


13.43 


A dynamic logic 3-input NAND gate uses 5 minimum-size devices with Vpp = 3.3 V as specified in 
the introductory NOTE at the beginning of the problems of this Chapter. Assuming that it is reasonable 
to consider all stray capacitance to be represented by С = 100 fF at the gate output, find ёру and tpyL 
in response to Ф with inputs A, B, C assumed high. What does рн; become for a corresponding 3- 
input NOR? 


For a 3-input dynamic-logic NAND implemented with 5 minimum-size standard devices (as specified in 
the NOTE early in this Chapter), estimate the capacitances at each of the circuit nodes. If all of these 
are accumulated at the output node, what does the equivalent capacitance become? If this circuit drives 
the equivalent of two minimum-size matched inverters, what does the output load capacitance become? 
What does the equivalent output load capacitance become? Now, consider the inputs as labelled A, B, 
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С, from the top, with Ф as the clock signal, and Шс nodes labelled 1, 2, 3, 4 from the top, with 1 as thc 
output node. Now with 9 recently gone high at time ёр with C, B high and A low, first C goes low at 
іу, then A goes high at гз. Prepare a table which records the voltages at all nodes at times £9,, ¢,4, and 
ta}, the + sign indicating a time just after the change. Pay particular attention to the entries for nodes 1 
and 2 at ta. They show the impact of charge sharing. 


Consider the impact of charge leakage in defining the functional threshold of a dynamic n-input NOR 
gate. Inititally, all inputs are low, and Ф has just gone high for a short evaluation period tg. Estimate 
the voltage at an input which will cause the output capacitor voltage to fall by an amount V, in t. 
Assume that all transistors arc minimum size as specified in the introductory NOTE using a 3.3 V sup- 
ply, and that the equivalent output capacitor is (50 + 10n) fF. For n = 5, and tg 10 ns, find the 
threshold for a single input, and for all n inputs acting together. Note that the latter situation can occur 
readily due to noise at the grounded source of the evaluation transistor. Note as well that subthreshold 
conduction can make the effective noise threshold сусп lower. 


Consider the simple dynamic inverter string shown in Fig. 13.35 of the Text operating from 3.3 V with 
standard minimum-size transistors (as specified in the introductory NOTE) and С, = 50 fF (arbitrarily). 
Estimate how long Y, remains above V, with A high following the rise of Ф. In this interval, what is 
the average current in Q2? What voltage change would you expect on C2? 


For the Domino CMOS logic scheme shown in Fig. 13.37 of the Text using minimum size devices, esti- 
mate the capacitances at nodes X, and Y, and the low-to-high propagation delay from A to Үү. Include 
the effect of the low threshold voltage of the simple inverter. How long must Ф be high to evaluate a 
string of 10 such logic gates. In practice, for worst-case device tolerances, wiring capacitances, etc, a 
much longer time would be needed. One approach is to control the evaluation interval pseudo- 
asynchronously by detecting the propagation delay of a model Domino chain. 


SECTION 13.7: LATCHES AND FLIP FLOPS 
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13.51 


Consider two standard minimum-size matched CMOS static inverters in a positive-feedback loop. For 
each latch, find Ул, Ин, Vm and the voltage gain at uj = Vg = Vy. For the pair, what is the max- 
imum loop gain? 


Two CMOS inverters operating from a 5 V supply with Уу; and Vj of 2.40 V and 2.90 V, respectively 
for which corresponding outputs are 4.7 V and 0.4 V, are connected as a latch. Approximating the 
corresponding transfer characteristic of each gate by a straight line between threshold points, sketch the 
latch open-loop transfer characteristic. At what points are the open-loop input and output voltages 
equal? What is the loop gain at each? 


Consider the CMOS SR flipflop implimentation shown in Fig. 13.40 of the Text using only standard 
minimum-size devices with Урр = 3.3 V. What is Vy for the regenerating inverters, say at node Q. 
For R high, what voltage is required at Ф to lower Q from 3.3 V to Vy? 


Sketch the circuit of a NAND SR flip-flop using CMOS, and prepare a truth table whose entries are in 
terms of stable output voltages available with a 3 V supply, and devices for which IV,| < 3/2 V. 


For the SR flipflop shown in Fig. 13.40 of the Text, implimented with minimum-size devices of the 
standard kind (as specified in the introductory NOTE), estimate the total capacitance of the Q and Q 
nodes, each with a matched inverter load. Find the propagation delay from Ф rising (with R high) to Q 


falling, and then to Q rising. 
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Consider the design of the clocked SR flipflop shown in Fig. 13.42 of the Text driven by the equivalent 


of matched CMOS inverters of non-minimum size. Assume that all NMOS, Qi, Оз, Qs, Од are of 
minimum size and Q, and Q4 wide enough to make Vy = Vpp for each internal inverter. Use the 
standard process described in the introductory NOTE at the beginning of this Chapter. Note, for exam- 
ple, with Q initially high and О low, that О; will be able to provide more current than Qs, due pri- 
marily to the source follower configuration of 0, and its body effect as the driven node rises. 
Correspondingly, we will concentrate on the process of pulling Q low via Qg. Now, assume for ease of 
calculation, that during the gating process, Q4 will conduct the full saturation current for [0651 = Vpp, 
and that the current flowing through О will cause 5 to rise, say to V, as a worst case. Find the width 
We of Ос to allow О to be brought to Vpp/2 where regeneration is assured. What minimum width Wp 
of the driver at the S input is required? 


Design a D flipflop resembling that in Fig. 13.44 of the Text whose PMOS and NMOS are all of 
minimum-size. Assume that the D input is driven by a minimum-size matched CMOS inverter and that 
the internal switches are simple NMOS. To what level V,, must the input of the internal inverter be 
brought to assume full switching at Q? Assume each of the internal nodes has an equivalent capaci- 
tance of 50 fF. Calculate the propagation delay from the rise of ® until the change of Q for D high, 
and then low. How long must Ф be high to ensure correct data flow? Is there any restriction on how 
long must be high? Note that the clock phases are said to be "non-overlapping", meaning that and 
Ф must not be simultaneously high. Does overlap matter at the falling edge of «b? Why? Does over- 
lap matter at the falling edge of Ф? Why? What is your view of a highest possible frequency for Ф if 
the non-overlap interval must be at least 5% of the longest clock phase. 


Reconsider P13.53 above for the situation in which each switch is a full CMOS transmission gate using 
minimun-size PMOS and NMOS. Estimate the input propogation delays, the minimum phase durations, 
and the maximum clock frequency. What advantages do the added PMOS bring to speed and to 
power-supply current reduction? 


Consider the master-slave D flipflop in Fig. 13.45 of the Text, using full CMOS transmission gates and 
internal inverters. How many transistors are needed? If every device is minimum size, what is the total 
device width needed? If the current-driving capabilities of the NMOS and PMOS are matched, what 
total width is needed? What is the perecentage cost increase of matching? Suggest locations where 
matching and/or even larger devices would provide an advantage, with reasons for your choice, 
emphasizing reliability, speed, output capability, etc. 


The logic circuit shown is driven by a square wave 

Ф of period 20t where ¢ is the propagation delay of 

ф ф2 each inverter/gate. Sketch a timing chart with rela- 
tive timing of Ф, Фу, Ф, carefully shown. What 

are the non-overlap periods for Фү, Ф? Sketch the 

$1 effect of eliminating, successively, the inverters 
feeding Фу, d», both Фү, and Ф,. What do the 
non-overlap intervals become in each case? То 

increase the gap between Ф; falling and Ф, rising, 

which inverter string should be increased (the top 

or the bottom one)? By how many inverters should 

the string be increased to approximately double the 


gap? 
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Sketch a CMOS implementation of the circuit using P13.56 above, using minimum-size unmatched 
complementary CMOS everywhere except for the outputs which should provide 10 times the normal 
matched inverter output. What total device width is needed? 


SECTION 13.8: MULTIVIBRATOR CIRCUITS 
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Consider the monostable circuit of Fig. 13.47 of the Text, implemented with devices from an SSI 
CMOS package operating at Vpp = 5 V with devices for which Vj, = Vpp/2, tp = 15 ns, R,, = 200 
Q and the protection diodes begin to conduct at 0.5 V and are fully conducting at 0.7 V. Using a 20 pF 
capacitor, find К required for a positive 200 ns pulse at ^о. What is the minimum length of the posi- 
tive input triggering pulse? What happens if the input pulse is positive for lusec? If the large-signal 
voltage gain of G2 is about 20 V/V, what is the fall time of 92 for a long input pulse? What is the 
maximum length of input pulse for optimal behaviour? What would you estimate the output pulse tran- 
sition times to be [Hint: tr is in the range of tp⁄2 to 3 tp.] | 


For the monostable circuit of Fig. 13.47 of the Text, whose waveforms arc given in Fig. 13.50 and an 
expression for T given in Exercise 13.15 (on page 1110), let Урр = 5 V, Vy, = 0.6 Vpp, R = 22kQ, C 
= 1500 pF, and R,, = 18092. Find the values of T, ДУ}, and АУ». By how much does vo; change dur- - 
ing the interval T? What are the peak sink and source currents of G;? Use Эр = 0.7 V. 


In a particular CMOS implementation of Fig. 13.47 of the Text, G2 is a simple inverter and С, a NOR, 
both of which use all minimum-sized devices for which (W/L) = 2. For this process, IV,| = 1 V, 
Mn Cox = 20, Cox = 204A/V 2 and Vpp = 5 V. The function of R is implemented using a simple current 
mirror employing two minimum-sized p-channel devices and a grounded-source diode-connected 
minimum-width n-channel device of 10 times the minimum length. Find the value of C for a 10 ps 
output pulse, accounting for the non-zero value of Vo, of G, and the actual value of V, of С). 


The circuit shown is a Onc-Shot intended for opcration using the standard technology introduced in the 
introductory NOTE of this Chapter, with Vpp = 3.3V. All NMOS have minimum L and 10x 
minimum width. Ос is minimum size. Q4 is matched in current to Оз. Qs has minimum width but 
10x minimum length. | 


* VDD * VDD * VDD 


as pe 1 ФФ Ф 
v2 vo2 L 


Q3 


vot 


41.55 


For С = 10 pF, estimate the output pulse length. Estimate the parasitic capacitances at the output and 
internal node (for which C is a short-circuit), and then the propagation and transition times for each of 
the gates. What is the minimum-length trigger pulse? What is the maximum trigger pulse which still 
allows regnerative turnoff. Between pulse inputs, what is the required power-supply current? What is 
the supply current immediately after triggering? What is the voltage across C during the period 
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between inputs? How long does it take C to recover to zero volts following the end of a pulse at the 
output (or after a long input)? [Hint: Q5 operates for a time with drain and source functions inter- 
changed.] 


For the astable multivibrator modified as suggested in P13.77 on page 1154 of the Text, provide a 
design for operation at 1MHz, using а 100 pF capacitor, Vpp = 5 V, and V4, = 0.44 Vpp. What values 
of resistors would you use? 


Describe the operation of the circuit shown. It is implemented with a 3.3 V supply using the standard- 
ized technology introduced earlier in the introducotry NOTE. Qi, 0, is a regular minimum-size 
matched CMOS inverter. Q3, Q4 is matched but 10 times wider than minimum. 0, has minimum 
width and a length which is 100x the minimum. Capacitor C = 10 pF. For inverter thresholds at 
Vpp/2, how long does the output stay positive? How long negative? Suggest a way to arrange for a 
50% duty cycle. 


(For other ring-oscillator problems, see also P13.2 and P13.3 above.) 


A ring of 5 inverters is constructed with the basic matched CMOS inverter described in the NOTE at 
the beginning of this Chapter. Operation in this technology is at 3.3 V. Estimate the equivalent load 
capacitance, the propagation delay and oscillation frequency. What would you expect the frequency to 
become if: a) an additional inverter loads each stage, b) the supply is reduced to 2.0 V? 
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SECTION 13.9: SEMICONDUCTOR MEMORIES: TYPES AND ARCHITECTURES 


13.65 


13.66 


For various Random-Access Memories listed, complete the missing Table entries. 


Address Bits Structures 


A 1 M-bit memory chip is organized as 4 square blocks, each of which uses simple NOR decoders for 
row and column selection. How many inputs would each decoder need? For a bit address consisting 
(from its left) of block-number bits, row bits, and column bits, what are the column-address digits of bit 
102,476 on the chip? 


SECTION 13.10: RANDOM-ACCESS MEMORY (RAM) CELLS 


13.67 


13.68 


Consider an SRAM cell of the type shown in Fig. 13.55 of the Text using the standard 3.3 V, 0.8 um 
technology described in the NOTE at the beginng of this Chapter's problems. For each of the inverters, 
use a minimum-sized matched design. For the access transistors, use NMOS of 3x the minimum width. 
What is the total area of the gates of all the devices in the cell? Assuming that the connection overhead 
in the cell causes the cell area to be twice as large as the gate area, what would the dimensions of a 
square cell be, approximately? For the Read operation, let us examine the situation in which the word 
line is activated to select a cell for which vg = og = Vpp/2 initially. For this situation, evaluate the 
available current to charge/discharge the bit line, assuming that vg and Vg do not change, but including 
the body effect for one of the gating devices. Now consider the bit-line capacitance, assuming 128 cells 
on the line and capacitance about the same as а 1 um gate stripe 128 cells long. Using this value and 
the current data, how long will it take to establish a differential voltage of about 0.2 V between the bit 
lines? 


For the situation described in P13.67 above, consider the Write operation in which the bit lines have 
complementary values, either O or Vpp as the word linc is raised from O to Vpp. For this analysis, con- 
sider the cell to consist of 2 separated inverters with fixed inputs, either O or Vpp, and to be concrete, 
with Q high and Q low. The write operation will be successful if either input is moved beyond the 
regeneration point at Vy, = Vpp/2. The excess driving current at ug = Vpp/2 or Ug = Vpp/2 will be a 
measure of operating speed. For vg = vg = Vpp/2, evaluate the direction and magnitude of the net 
current flow in the access transistors with the bit line, B, low and bit line, B, high. Is switching possi- 
ble? Now estimate the total capacitance at Q (or Q). For the successful case (or cases), evaluate the 
excess drive current initially (at Vpp/2), and on average. Use the average current(s) to estimate the time 
for regeneration to begin. 
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PROBLEMS: Chapter #13—12 


А proposed CMOS static RAM uses cells such as that shown in Fig. 13.55 of the Text, having a cell 
supply voltage of 5V and word-line selection voltages of O at rest, 5 V for reading, and 5 V for writing. 
Digit-line voltages are precharged to 2.5 V for reading, and О and 5 V for writing. The cell itself uses 
minimum-size devices for which (W/L)z2jun3jun and IVl = IW with 

Hn Cox = 2.51, Cox = 258А/У ? What is the threshold voltage at the drain of Ор or Q» at which the cell 
will change state? What currents supplied to or from the cell, move the cell output voltage half way 
from its stable state to the threshold? What must the width of Q5 ( and О ) be to ensure that readout 15 
nondestructive? What currents can be supplied during the writing process by such a device? Is the 
design viable? Why or why not? 


Consider the one-transistor dynamic RAM cell in Fig. 13.58 of the Text, using a minimum-size NMOS 
transistor in the standard 0.8 jum technology with a storage capacitor of 40 fF. The cell pitch (bit-to-bit 
spacing) in the bit-line direction is 2.5 um. A 1-~m-wide bit line is used to couple the 256 cells in a 
column. Bit-line capacitance per unit area is about the same as gate capacitance. Sense amplifiers and 
drivers add another 70 fF to the bit-line capacitance. What is the total bit-line capacitance? For max- 
imum cell signals Ucs of (Ирр — V,) and О V, subject to a possible charge deterioration due to leakage 
in one direction or the other of 20% of full signal, and bit-line pre-charge to (Vpp/2 — V,), what bit-line 
signals will result? [Hint: Recall that V, is subject to body effect.] 


For the situation described in P13.70 above, where the voltage (Vpp — V,) on each 40 fF cell capacitor 
can deteriorate by as much as 2096 in the 10-ms interval between guaranteed refresh cycles, estimate the 
corresponding leakage resistance. 


In a particular dynamic-RAM technology, cell leakage currents can be reduced to 10 fA (1 fempto- 
ampere = 107A). What is the minimum allowable capacitor for a 4 ms refresh interval with a recover- 
able cell-voltage loss of 1.5 V? 


For a particular DRAM having 1024 rows and 1024 columns in each of 16 blocks, with a read-write 
cycle time of 30 ns and a refresh cycle of 10 ms, what fraction of the available cycles is spent on 
refresh if one word in each block is refreshed in parallel in one cycle. How many sense amplifiers does 
such a design require? If all blocks share a single set of 1024 sense amplifiers, what does the refresh 
overhead become? 


SECTION 13.11: SENSE AMPLIFIERS AND ADDRESS DECODERS 


D 
13.74 


13.75 


Consider the bit-line-voltage equalization process involving transistor Q7 in Fig. 13.60 of the Text. 
Assume bit-line capacitances of 1 pF. Using a minimum-size NMOS in the standard technology intro- 
duced in the introductory NOTE of this Chapter, how long must Фр be activated to reduce the voltage 
difference on the bit lines to 1% of its regular value? [Hint: Recall that the bit-line average voltage is 
to be Vpp/2, that Q7 is subject to body effect, and that Vpp = 3.3 V.] If precharge must be complete 
in 1 ns, how wide must Q; (and the cooperating path through Qg and Оо) be made? 


Consider the regenerative process occuring in the sense amplifier in Fig. 13.60 of the Text, immediately 
following the rise of the Фу signal. Each of the constituent inverters in the sense amp is matched, but 
with (W/L), to be determined. The sense-line capacitances are each 2 pF. Size the sense-amplifier 
inverter to achieve a time constant of 2 ns. Estimate the time for the sense line to rise from 0.5 Vpp to 
0.9 Vpp initiated by a 50 mV signal, and for the line to fall from 0.5 Vpp to 0.1 Vpp initiated by a 25 
mV signal. 
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PROBLEMS: Chapter 413-13 


A particular 1 Mb DRAM uses a square cell array with 4-bit readout. How large a word-line (row) 
decoder is needed? How large a bit-line (column) decoder is needed? For a 1024-row decoder, how 
many address bits are used? Using the design in Fig. 13.63 of the Text, how many decoder-array 
NMOS are needed? How many dynamic-load PMOS? How many input address-bit inverters are 
needed? 


For a tree column decoder such as that shown in Fig. 13.65 of the Text, how many input layers are 
needed for 256 lines? 1024 lines? How many transistors are used in each case? If each transistor is 
the minimum-size standard NMOS (as specified in the introductory NOTE) , what series resistance is 
acquired with each switch? For a 1-pF bit line directly connected, what is the greatest number of layers 
that can be used while ensuring that a logic zero settles to Vpp/10 = 0.33 V within 7 ns. What can you 
do to improve this situation? 


For the NOR address decoder, part of which is shown in Fig. 13.63 on page 1132 of the Text, draw row 
13, indicating the connection of its transistors to the first 4 address lines. How many transistors, includ- 
ing the load, are connected to each row line of a 256 K-bit square array? 


SECTION 13.12: READ-ONLY MEMORY (ROM) 


13.79 


13.80 


13.81 


13.82 


А CMOS ROM of the general type shown in Fig. 13.66 of the Text uses a gated load structure in which 
the PMOS loads are turned on only at evaluation time. Minimum-size standard 0.8 um NMOS (see the 
introductory NOTE) are used in the array. Connections to each cell require 3096 overhead in each dev- 
ice dimension. Approximately, what would the typical cell dimensions be? If the array has a 15% 
overall overhead for decode, sensing buffering and connection, how many bits of ROM can be installed 
in a chip lmm? in area. If the ROM is configured for a 32-bit-word output, how many words 
(expressed as a power of 2) can be accommodated in a chip of about this size? 


Design a bit pattern to be stored in a (14 x 5) ROM which provides the results of division of one two- 
bit number, X, by another, Y. The 4-bit word address is to be (Хү, xo, y1, yo). The output is to be 
(f. dis qo Fis ro) where F is the 1-bit overflow (divide-by-0) flag. Q is the 2-bit quotient, and R is 
the 2-bit remainder. Give a circuit implementation resembling that in Fig. 13.66, but in which an 
installed transistor represents a logic 1 internally. (Hint: While this saves ROM transistors, it requires 
additional inverters). Excluding the input decoder, how many transistors do you need in the heart of the 
ROM? How many are used in inverters? How many transistors would be required in total, without 
using the extra inverters? How many transistors would be required for the 4-bit input decoder using the 
circuit of Fig. 13.63? 


Sketch the decoder and array parts of a 16-word 8-bit MOS ROM combining Fig. 13.63 with Fig. 13.66 
of the Text, as modified in P13.79 above. For simplicity, represent the NMOS devices by circles at the 
intersection of access and output lines, and the required inverters by triangle symbols; but show the 
PMOS explicitly. Provide a sketch of the relative timing of the precharge and access signals. 


A ROM used to record the presence or absence of unusual properties of diverse materials in an 
inventory-control system. А designer has a choice of representing this data as either high or low signals 
at the output of a transistor array such as that shown in Fig. 13.66 of the Text. What choice of data 


representation is best if 
a) Transistors exist at array nodes and must be selectively "removed" to allow the digit line to go 
high. 
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PROBLEMS: Chapter #13—14 


b) Transistors must be created and connected at array nodes as needed to lower the digit line. 
c) Fuses must be blown to disconnect an npn emitter from a digit line to allow it to remain low. 
d) High-voltage programming pulses must be applied to raise the threshold of a floating-gate 


transistor allowing the bit line to be always high. 
[Hint: In each case, identify the relative cost of the production or programming technique for representing a 


logic zero or logic one. Obviously, it will be best ot chose a logic representation which is cheapest for the 
statistics of the data being represented, which in this case has mostly zeros with only a few ones.] 
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Chapter 14 


ВЇРОГАК AND ADVANCED - TECHNOLOGY DIGITAL CIRCUITS 


SECTION 14.1: DYNAMIC OPERATION OF THE BJT SWITCH 


L 

141 А particular BJT inverter of the type shown in Fig. 14.1a) of the Text, uses Усс = 5 V, Rc = 2 КО, 
and Rg = 10 КО, with a 0 to 4.3 V input signal. For the transistor, р = 100, Bg = 0.25, Vgg = 700 
mV at Ic = 1 mA, r, = 50 Q and n = 1. Find Ок, Ор, Isr, Isc, Is, VBEsat » VCEsat » Ics » Igsat ; 
P forced - [Hint: Use Equations 4.100, 4.102, 4.109, 4.110, 4.113, 4.114.] 

C**L** 

14.2 Consider the dynamic operation of the circuit described in P14.1 above in response to a 0 to 4.3 V input 
pulse. For the BJT, fr = 1 GHz, Cj, = Cj; = Cy = 0.5 pF апа т, = 1.5 ns. Estimate t4, tp, бол» ts, 
ty, tr; and the time the base voltage remains at essentially 0.7 V following the fall of the input. [Hint: 
Think a lot about the details of Fig. 14.1.] 

14.3 A BJT for which the storage time constant is 20 ns, and B = 200, is operated in a circuit for which 
Ic sa = 10 mA and the base turn-on current, Jp2, is 1 mA. Calculate the storage delay under the condi- 
tions that the base turn-off current, /5;, is a) О mA, b) 1 mA, c) 10 mA. 

D 

14.4 


In the following circuit, 4, is measured for various 
values of C: For C = 0, t, = 80 ns; for C = 8 pF, 
t, = 30 ns. Estimate values of t, and В if ИЕ = 
0.7 V and Vcg sat = 0.2V. What value of C would 
you chose to reduce 4, to zero? For В twice the 
present value, what would t, be with the capacitor 
you have chosen? What would it have been with C 
= 0? 


SECTION 14.2: EARLY FORMS OF BJT DIGITAL CIRCUITS 


14.5 


14.6 


With reference to Fig. 14.4 on page 1164 and P14.5 on page 1232 of the Text, provide a better estimate 
for Уу, as that voltage v; for which the gain is —1 V/V, for a gate with a single fanout, assumed to 
consist of 450€2 connected to the low-impedance base of a saturated transistor. [Note that a fanout of 
zero is not normal in logic applications, and 2 or more lowers the gain, implying a need for higher Vj; ]. 
Assume that ogg = 0.700 V at ic = 1 mA and that В = 50. [Hint: Proceed by finding the required ry 
and the corresponding currents and voltages.] For two inputs operating simultaneously (for example 
joined), what does Үл, become? 


For the RTL NAND logic gate shown in Fig. P14.7 on page 1232 of the Text, evaluate Vr, for each of 
the inputs under the condition that for Ин, Byorcea = Br/2 and Br = 50, Br = 0.1 with Vgg = 0.700 V at 
ig = 1 mA. [Hint Since ор is quite small, Vgg in saturation can be calculated approximately using the 


external emitter current.] 
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14.8 


PROBLEMS: Chapter #14—2 


Your boss is considering the possibility of raising the input threshold of the DTL circuit of Fig. 14.6. 
She asks you to help, by calculating, some important parameters, for operation with input B high and 
input А controlling: 


a) Тһе base current in Q required to lower the output to Vpp/2. Use В = 30. 

b) Тһе input threshold voltage V,, (at A) corresponding. All junctions have a 0.7 V drop at 1 mA. 
c) Тһе maximum base current available to Q when A is high. 

d) The input current flowing from D, when A is at O V. 


Now, she suggests that you add a diode and change a resistor so that V,, is raised by about 0.7 
V, while the maximum base drive remains the same. What change do you make? What is the 
input current needed now when V4 = 0? What is the fanout available with this redesign, for 
which Восеи S [V2 is maintained? | 


Following the general direction suggested by the two-input NAND DTL gate in Fig. 14.6 of the Text, 
sketch a circuit using only a single transistor, but many diodes, to provide the function 
Y = ABC + D + EF using voltage and resistor values the same as those in Fig. 14.6. What is the base 
current which results when D alone is high? When all inputs are high? 


SECTION 14.3: TRANSISTOR-TRANSISTOR LOGIC (TTL OR T’L) 


D 
14.9 


14.10 


14.11 


D*L 
14.12 


14.13 


Modify the design of the [C -form DTL gate in Fig. 14.7 to double the turnoff current of Оз. Using the 
results of Ex. 14.4 on page 1168 of the Text, what does the turnon base current of Q4 become? What is 
the absolutely greatest fanout N that ensures that Оз is barely saturated? What does Voz, become for % 
that value of fanout? Use Вр = B-/100, Br = 50. 


For the modification and current levels suggested in P14.9 above, and т, = 10 ns, what does the storage 
delay become for N = 0? for N equal to % of the maximum fanout? Recalculate these values in the 
event that B is doubled (from 50 to 100), but with the N values kept the same. 


Consider the output stage of a DTL gate, consisting of a transistor with Ве = 50, operating at forced В 
of 10, with a load resistor of 2 КО connected to а +5 V supply. Assume Иск, = 0.2 V, what is the 
minimum value of external load resistance connected to +5 V, that still ensures saturation? For a resis- 
tor of twice that value, calculate the 1096 to 90% rise and fall times of the output with a 10 pF load 
capacitor. 


Consider the circuit of Fig. 14.9 of the Text as the basis of a very-low-voltage BJT logic structure. For 
Vgg = 0.7 V nominally, but 0.6 V at turnon, and Vcg = 0.2 V in saturation, with Bp = 40 and Вк = 
0.1, prepare a design meeting the following specifications: a) the total collector current that can be sus- 
tained by Оз with В, „сел = Br/2 is 2 20 mA, b) resistors of a single value, R, are used, с) Vcc = V is 
chosen as small as possible, d) NMy 2 1.5 NM, with fanout N = 10 for which бош < 20. For what 
value of N does Оз reach the edge of saturation with ù; high? 


Extend the structure of the logic gate of Fig. 14.9 of the Text to provide a logic gate to perform the fol- 
lowing function: Y =A B + C D while maintaining the same input thresholds. Use 6 transistors and 


3 resistors in total. 
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PROBLEMS: Chapter #14—3 


A manufacturing-process deviation in the production of T?L gates using the circuit of Fig. 14.19 of the 
Text, reduces current gain such that By = 9 and Be = 0.05. For input high, estimate all node voltages 
and branch currents, for Vgg = 0.7 V, and a load of 1kQ connected to the 5 V supply. What is the larg- 
est possible fanout (excluding the 1kQ load), for which saturation of Q; is still possible? 


Repeat the analysis suggested in P14.14 above, with input low (at 0.3 V) and a resistor of 1 kQ con- 
nected from the output to ground. 


For the situation described in P14.14 above, and with input and output joined by а 2000 resistor, esti- 
mate all the node voltages and branch currents. Calculate Vcg sat for Q relatively precisely using a 
negative value for Byorced- 


Modify your response to P14.16 above for the situations in which a) a load resistor of 200€2 is con- 
nected from the output to: a) ground, b) +5 V. 


SECTION 14.4: CHARACTERISTICS OF STANDARD TTL 


14.18 


14.19 


14.20 


14.21 


14.22 


Using a similar analysis style to that found following Eq. 14.6 on page 1180 of the Text, find the value 
of Кз which raises point C of Fig. 14.236) to 3.0 V. What does the slope of the BC segment become? 
If К is to be kept at 1kQ by a desire to maintain the turnoff current level that R2 provides, what 
change in R; would be needed to raise C to 3.0 V? What change in turnon current to Оз does this pro- 
duce (in absolute value and as a percentage)? What is the effect on gate storage delay? And so you 
see, once again, the nature of compromise in real design! 


Using the data provided in the answers to Exercise 14.11 on page 1182 of the Text, find the noise mar- 
gins that apply at the interface between two sets of T?L logic gates, one operating at —55'C and the 
other at 125°C. Note that there are two pairs of margins depending on the relative temperatures of the 
driving and driven gates. 


For the circuit of Fig. 14.26 of the Text extended to as have 4 OR inputs, what is the maximum base 
current provided to Q3? In a particular circuit with values shown, and no load, with 3 of the 4 OR 
inputs already low, the storage delay is 10 ns. What delay would you expect when all 4 inputs are 
brought low simultaneously? 


For the tristate gate shown in Fig. E14.16 on page 1187 of the Text, find the voltage at the tristate input 
at which the collector current іп Qg just reaches 1 mA. For all junctions, the voltage drop is 0.700 V at 
1 mA, Br = 50 and Br = 0.1. 


For the tristate gate shown in Fig. E14.16 of the Text, estimate the possible current flow in the base of 
Оз if the connection from the tristate input is low, but the corresponding link to Q; is broken. Use Br 
= 50, Vez = 0.7 and Vcg sq = 0.2 V. 


SECTION 14.5: TTL FAMILIES WITH IMPROVED PERFORMANCE 


14.23 


A Schottky npn transistor consists of 2 elements: a BJT for which Jg = 1 mA at Vgg = 0.75 V with n 
= 1 and В = 50, and a Schottky diode for which J = 1 mA at 0.5 V with n = 1. For the emitter 
grounded, find the base and collector voltages and transistor base and diode currents, for input and load 
currents, respectively, of 


a) 1шА, 0 mA, 
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PROBLEMS: Chapter #14—4 


b) 1 mA, 1 mA, 
c) 1 mA, 10 mA, 
d) 10 mA, 10 mA, 
e) 10 mA, 1 mA. 


Consider the Schottky TTL circuit of Fig. 14.28 in the Text, with both inputs A and B high. For dev- 
ices as specified in P14.23 above, find the voltages at the base and collector of Оз, О», Q; and Ос. 
Assume that the circuit has a fanout of two similar gates. 


Consider the active-pulldown circuit shown in Fig. 14.28 of the Text. Find the value of Rs for which 
half the emitter current from Q; flows in the base input of Q5, but only 1 mA is required to cause the 
SBD іп Оз; to conduct. 


Consider the output stage of the Schottky TTL gate shown in Fig. 14.28 of the Text. For both inputs 
high and a current J flowing into the output, find the incremental output resistance for a) / = 1 mA, b) 
I = 10 mA. Use the device data provided in P14.23 above. 


For the low-power Schottky TTL gate of Fig. 14.31, find the current that flows in the power supply with 
a) inputs both high, or b) inputs both low, both for the output i) open-circuited or ii) short-circuited to 
ground. What is the power dissipated in the gate under all 4 conditions? For a propagation delay of 10 
ns average, what is the delay-power product for operation with a 10 pF load at 30 MHz? 


SECTION 14.6: EMITTER-COUPLED LOGIC (ECL) 


L 
14.28 


14.29 


14.30 


Reconsider P14.38 on page 1235 of the Text, for the situation in which Vj; and Vj; are based on 
currents ranging from 0.951 to 0.051. 


Consider Fig. P14.38 on page 1235 of the Text, for the situation in which Vgg = 0.75 at current J = 4 
mA. Find R so that Vj, = —1.32 V. What are the values of Vo; and Vo, that result? Find Уу and 
Ул, for а current split in Ор and the input transistor in the ratio of 1000 to 1. What are the correspond- 
ing noise margins? 


Modify the circuit of Fig. P14.38 on page 1235 of the Text to create an ECL-to-T?L converter Бу con- 
necting the upper supply connections (now grounded) to +5 V, and adding a number of 0.75 V diodes 
in series with the emitters of О» and Q4 (to lower the output voltage). Maintain the input threshold at 
-1.32 V by a suitable choice of R72 (still connected to ground) with J = 4 mA, and corresponding Vgg 
= 0.75V. Select the resistors (called А) connected to the bases of О and О,, and the number of 
diodes, N, to meet Т2, worst-case output specifications, namely Vo, = 0.5У and Voy = 2.7 V, while 
keeping К | as small as possible. 
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PROBLEMS: Chapter #14—5 


Consider the circuit shown as a T?L-to-ECL con- 
verter: Use values of J and К as specified and cal- 
culated in P14.29 above. Arrange that the current 
from the T?L gate is 8 mA when its output is at the 
minimum specified high value of output, ie Voy = 
2.7 V. What is the T?L output current at Voz < 0.5 
V? What are Vo, and Voy of the converter cir- 
cuit? Use 0.75 V for all junctions, when operated 
at 4 mA. 


For the circuit of Fig. 14.37 of the Text, a manufacturing error reduces the junction size of О» by a fac- 
tor of 2 and its В to 30. What is the corresponding effect on NMg? 


For the circuit of Fig. 14.35 of the Text, calculate the small-signal voltage gain from input to OR output 
for vj biased at Vg. 


Estimate the propagation delays expected to the OR output of the ECL gate of Fig. 14.35 of the Text, 
loaded with a single fanout for which Cgg = 3 pF. Assume that the capacitance at the output of an 
unloaded gate is 2 pF, and that for the transistors, fr = 5 GHz and C, = 0.1 pF. What do the delays 
become for a fanout of 10? 


For signals whose rise and fall times are 1.2 ns, what length of unterminated gate-to-gate interconnect 
can be used if a ratio of rise time to return time of 6-to-1 is required. Assume that the signal pro- 
pagates at 2/3 the speed of light (which is 0.3 mm/ps or 300 um/ps). 


Consider a version of the ECL gate in Fig. 14.33 of the Text, in which resistors Rg, R2, Ёз are replaced 
by current sources. What values would you use in each case? One other resistor must be changed. 
Which one? To what value? Using the techniques in Example 14.2 on page 1208 of the Text, evaluate 
the temperature-related changes associated with Уон, Vo, and Vp for this new circuit. Are there any 


other changes you would suggest? 


SECTION 14.7: BICMOS DIGITAL CIRCUITS 


14.37 


D 
14.38 


For the circuit of Fig. 14.44e) of the Text using Vpp = 5V, with k, = Ak, =k, |У,] = 1 V, and with 
Ку = К = ғр at small Vsp | and IVscp! = Vpp, find Vm, Voy and Voz with a) no load, b) a 5 kQ 
load to 2.5 V. Assume В = 100, Увс = 0.7 V, and k = 4004A/V?. 


The circuit of Fig. 14.44d) of the Text has the apparent advantage over the circuits of Figs. 14.44c) and 
d) of using no resistors, which generally occupy far greater area than a MOS device. However the R- 
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PROBLEMS: Chapter #14—6 


circuit in Fig. 14.44€) has the additional advantage of eventual full-swing outputs. Show how the circuit 
in Fig. 14.44d) of the Text can be augmented by an additional CMOS inverter connected between input 
and output to achieve full output swing. For devices as specified in P14.37 above, what are the average 
equivalent resistances provided at the output for the last 0.7 V of output swing? 


14.39 


14.40 


D 
14.41 


А set of 3.3 V CMOS matched-logic circuits whosc devicc specifications are given in the introductory 
NOTE to the the problems of Chapter 13 in this book, are to be augmented by BJT output devices. 
Design such an inverter circuit patterned after that in Fig. 14.44d) of the Text, using predominantly 
minimum-size matched-inverter-scaled MOS devices and npn transistors for which Vgg = 0.7 V at full 
conduction, Иве = 0.5 V at the edge of conduction, and B = 50. For the resulting circuit, estimate 
VoL, Мон, (both for immediate and longer-term responses), Vy, and Үр. For a load capacitor of 10 pF, 
what are the peak charging currents in each direction? What are the available currents at Vg = Vpp/2? 
Estimate the propagation dclay, assuming that it is dominated by the output circuit. If the circuit is aug- 
mented by a matched inverter connected between v; and Vg, what do Voy and Vor, become on a short- 
term and a long-term basis? What is the time needed for a full-swing signal to be established [to, 
within, say, 0.2 V of the power rails]? 


In the 3.3 V circuit shown, MOS devices are the 

same as in P14.39 above, with IV,| = 0.6 V, 

Hn Сох = 2.51, Со = 1004A/V?, with (W/L), = 

1.2 um/0.8 um, (W/L). = (W/L); = 2.5(W/L),, and 

+ VDD p = 50. Find VoL, Уон, ірін, and tpu, for a 10 

vi pF load. What supply current flows if Vg = Vpp/2? 
Q5 vo 


+ VDD + VDD 


Following the general direction indicated in Fig. 14.46 of the Text, provide a circuit sketch of a 2-input 
BiCMOS NOR gate. For Ор and Qy of the basic inverter having the same W/L ratio, what are the 
device ratios in an equivalent NOR gate? For one input low, what is the threshold voltage for the other 
input, namely that voltage at which two of the 3 active FETs operate in saturation? Assume u„/mu,„ = 
2.0, and 1У,| = 1 V. 


SECTION 14.8: GALLIUM ARSENIDE DIGITAL CIRCUITS 


14.42 


14.43 


DL* 
14.44 


Repeat the dc analysis of a CDFL NOR gate as sketched in Example 14.3 of the Text, for the condi- 
tions stated there, except with a reduction of the load MESFET width to 5um. Find Уон, VoL, VIL, 
Viu, NMy and NML. 


For the situation described in P14.42 above, find the average supply current, the average static power 
dissipation, the average propagation delay for a 30 fF equivalent load, the dynamic power loss at 2GHz, 
and the corresponding delay-power product. 


For the FL gate produced in Fig. 14.57 of the Text, whose transfer characteristic is shown in Fig. 14.52 
on page 1222 there, evaluate the sensitivity of Уон, Vor, Vir» Vig, NHL, and NMy to some of the vari- 
ous device parameters. For the nominal design, all L = lum, Ws = W, = 20um, Ирр = 10um, p 
(рег шп) = 107A4/V?, Ур = — 0.9 V, N= 0, Vpp = + 3 V, Уу = 2 V. In particular, conisder 
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PROBLEMS: Chapter #14—7 


(separate) changes, as follows: a) all Ир to —0.8 V, b) all Ур to — 1.0 V, C) W,  2Wpp to 5 um. 
Note that the latter design choice will also make propagation delays quite asymmetric. 


Using the FET-sizing ideas associated with the FL design of Fig. 14.51 of the Text, provide a directly- 
corresponding design for the SDFL NOR in Fig. 14.53b) of the Text. Using the results for the FL 
design, find Vor, Уон, Vit. Ун and noise margins for your SDFL gate. Note that the design requested, 
for which the device-size ratios correspond directly to those used for Fig. 14.51, will have a problem 
with fanout. What can be done to increase the fanout from 1 to 4? 
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РАКТ П 
SOLUTIONS 


pages 133 to 425 


Сһар{ег 1 


INTRODUCTION TO ELECTRONICS 


SECTION 1.1: SIGNALS 
11 Results: (See "Rough Work/Notes" at the end). 


THEVENIN NORTON 
e e 
R 1 
ү5:158 
2 
81-14 
ө 
С AES. 
vs(t) | - 
2 
1 
vs Cs C 
S1-1b 2 
€ 


1 


vs=isR C 
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SOLUTIONS: Chapter #1—2 


1.1 (continued) 


THEVENIN NORTON 


VS 
С 
"В 
2 А 
R 1 | 
С 
vsi(1#RCs) | 
TIR 2 
S1-1h 
LZ 


Rough Work/Notes: 

a) Simply recall that the Thevenin generator is the open- 
short-circuit current: | 

b) The Norton equivalent is presented in the time-domain by the derivative, and in the 
domain using Laplace-transform notation. 

d) Converting only the resistive part to the Thevenin form О 
quency notation. 


circuit voltage, while the Norton generator is the 


complex frequency 


r Norton form avoids the use of complex fre- 
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SOLUTIONS: Chapter #1—3 


SECTION 1.2: Frequency Spectrum of Signals 
1.2 Results: In general, о = 2nf, 2x rad/s = 1 Hz = 6.283 rad/s, and 1 rad/s = 0.159 Hz. Note that the 


rightmost columns arc the results from P1.3. 

= = ee 
21-15 68 
perpe emm 
ccc 
“12151515 
КИШИН 


1.00 x 10? 
25.1 x 10!! 2.50 х 10:12 


1.3 Results: These are tabulated in the two rightmost columns of the table above. 


Line Label | Frequency (Hz) | Frequency (rad/s) 


Examples: 


a) For 60 Hz, period = E = 0.0166 seconds = 1.66 х 10? s = 16.6 ог 16.7 ms. 


g) For 377 rad/s, corresponding to x = .00265 sec/rad, period = 2л rad = 2л x .00265 = 0.01665 s 
= 16.7 ms. 
j) Бог 400 GHz, period = 1400 x 10?) 2.0025 x 107 = 2.50 x 107? = 2.50 ps. 


Conclusion: Clearly, dealing with frequency is easier, either directly from the specification in Hz, or 
from the tabulated calculation derived from rad/s. 
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SOLUTIONS: Chapter #1—4 


14 AT = 50 – 25 = 25С°. 
Period of a 10.7 MHz wave = 110.7 х 10°) = 93.46 ns. 
Total variation in the period would be 93.46 x 10? x 3 x 10% x 25 = 7.009 х 1072 = 7.01 ps. 


15 a) 0.2 V peak-to-peak = 0.1 V peak = 0.1N2 = 0.0707 Vrms. 
1000 Hz = 27 x 10? rad/s = 6.28 x 10° rad/s, with a period of 1/1000 = 1 ms. Since this is the 
reference: Amplitude Ratio is 1 times; Frequency Ratio is 1 times. 
b) 2.12 Vrms, 20usec period. 


2.12 


Ь | | ; 
y "0 = 29.98, or about 30 times. 


Amplitude ratio, 


. РЬ 
Е | tio, — =————=-—=—————- oti . 
requency ratio 7, Period "alib | Т, 20x10 $ mies 


c) 1.0 У peak amplitude, 12.57 rad/s frequency. 


Amplitudedudo = лш Oe a; 
V 01 
aur 12.57 3 2 
Frequency ratio, — = —————7 = 2x10"? = ——— = 1/500 times. 
Mo f. 2mx10° 1000 


1.6 The Fourier series for a square wave of frequency f and 10 V peak amplitude is (from Eq. 1.2 of the 
Text): 
v(t) = 4(10ул (sin 2nft + 13 sin 3(2nft) + l/5sin 5(2nft) + V7sin 7(21/1) + Wsin 9(2nft) 
+ 111 sin 11 (2zft) +...). 


. * . . , 1 T 
Energy per unit time in a voltage wave v(t) of duration т, across a unit load = - | vX(t)dt. 
0 


In опе cycle of the square wave (period Т = 1/f ), associated energies are proportional to: 


a) For the square wave: ( 102) T = 1007 Ws. 


40 1 4 
| ic); | — T= | — | T2, 
b) For the fundamental (first harmonic) | x B | 
2 40 2 
third harmonic: | L | | — | T2, 
3 T 
1 : 40 Я 
fifth harmonic: | — | | — | Т/, 
5 T 
1 Е 40 ? 
seventh harmonic: | — | С Т/2, 
7 T 
1 { 40 ^ 
ninth harmonic: | — | | — | Т/2. 
9 T 
| 40 : T 1 1 1 1 
ics: | — por = — + — + — 
For the first 9 harmonics | = | 2 1 + 9 + 25 19 81 
40 : Т 
= 1.184 x | —— — = 95.95 T Ws. 
T 2 
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1.7 


SOLUTIONS: Chapter 81-5 


c) Above the ninth harmonic, total energy is proportional to 100 T — 95.95 T = 4.05 T, correspond- 


4.05T 
ing to 100Т х 100 = 4.05% of the total. (See page 200 following Chapter 3, Solutions, for a 
graphic view of this). 
40 : 
d)  Atand above the 3rd harmonic, the total energy is proportional to 1007 — | -- | 772. 
| 1007 - y 7 40 і 1 
Of the total, this is: ——————————— x 100 = |100 - |— | — | = 18.9%. 
e total, this is 100 Т | 0 00 5 2 18.9% 
: 4V ,. , : 
For a square wave of amplitude V, v = E (sin Of 13 sin 30/ + 1/5 sin 507 4,7). 


Assume the pass band includes both fundamentals, i.e., / > 2 kHz, and totally excludes energy outside 
the band. For cutoff at f = 4 kHz, power levels for unit loads are: 


2 
Ру= | o] = 1.96 x 1.111 = 2.18 W, and 


| 2 
Р,- нэг fa = 2.33 W, where P, — P, = 0.15 W. 


For cutoff at f = 5+, between 5 and 6 kHz, 
P,-196 [12 + 137 + 152] = 2.26 W, 
Р, = 2.33 W, where P; — P, = 0.07 W. 
For cutoff at f = 8 kHz, 
P, = 1.96 Ї + (13) + (15)? + (ИТ)? | = 1.96 (1.172) = 2.29 W, 


Р, = 2.33 Ї + 723 = 2.33 (1.11) = 2.59 W, where P, — P, = 0.29 W. 
See that the closest one can get to equal power is for filtering at a frequency between 5 kHz and 6 kHz, 


where the difference is 0.07 W, or (2.26 + 2332 x 100, or 3% of the average energy level. 


SECTION 1.3: ANALOG AND DIGITAL SIGNALS 


1.8 


1 Vrms corresponds to Y2 V or 1.414 V peak. 


a) For sampling at the peaks, the square wave ampli- 
tude would be 1.414 V peak or 2.818 Vpp. 


b)  90' from a negative-going zero crossing is at a nega- 
tive peak. The next sample is at the positive peak. 
The result is the same as a). 
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c) 


1.9 


1.10 


1.12 


1.13 


SOLUTIONS: Chapter #1—6 


45' from a positive-going zero crossing, the amplitude is Y 2 sin 45° = 1.00 V. The result would be a 
square wave of amplitude ТУ and frequency f . 


For case a) and sampling at other frequencies: 


i) For sampling at 2(2f) = 4 f Hz, the result is a 
sequence of positive and negative pulses of ampli- 
tude Y 2 V, width L/4f, spaced 1⁄4f apart. 


ii) For sampling at AQf) = f Hz, the result is a dc 
level of Y 2 V = 1.414 V. 


Five bits correspond to 2? = 32 values. Six bits are needed with values ranging from 000000 = 0,9 to 
111111 = 63,9 where the subscript 10 indicats a radix 10 number, and the least-significant digit is at the 
right. Thus 63 is the largest value. Generally, for particular cases: bs, b4, b3, ba, bi, bo represent 
b 929 + b;2?r peee b 52°. Thus, 0,0 000000», 7 = 00011159, 15 = 0011113; 31,97 0111115; and 
3310 = 100001. л 


The even numbers from 0 to 30 are: 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, a total of 16 
values їп all. Thus, one could use only 4 bits (for 16 values) with a recoding. For particular values: 
О= 0000; 8 = (4) = 0100; 14 = (7) = 0111; 28 = (14) = 1110. The biggest value is 1111 = (15) = 
30. 


«€- Most to Least Significant — 


0 1 2 3 14151617 
7 6 5 4|3|2|1|0 
128 | 64 | 32 (16 (18141211 


In order of presentation (MSB first, at time О, at the left), the digits have weight magnitude 128, 64, 32, 
16, 8, 4, 2, 1. The 8-digit binary number in Fig. 1.8 is 101110100: a) For all bits positive, its value is 
128 + 32 + 16+4= 180. b) For MSB negative, its value is — 128 + 32 + 16-4 = 

- 76. 


For the MSB digit reversed (becoming 0, at the left), the value is a) 52, b) 52. 


In order of presentation (MSB last, at time 7, at the right), the digits have weights 1, 2, 4, 8, 16, 32, 64, 
128. The number in Fig. 1.8 in time order is 10110100 with value. a) All digits positive: 
1+4+8 + 32 = 45. b) MSB negative: same, 45. c) MSB as a sign (1 negative): same, 45. 


For the MSB digit reversed (becoming 1, at the right), the digits are 10110101 with values as follows: a) 
All digits positive: 45 + 128 = 173. b) MSB negative: 45 = 128 = - 83. с) MSB a sign: 
45x(-1)= — 45. 


For a 5 bit representation, the largest number is 11111 of value 2° = 1 = 32 — 1 = 31, and the smallest is 
00000 = 0. In conventional form (MSB, at the left), 
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SOLUTIONS: Chapter #1—7 


01101 = 0(16) + 1(8) + 1(4) + 0(2) + ЦІ) = 13. For a system where 10000 = 3/2 V, 00001 = 
(3/2)/16, and 01101 = 13 x (3/2)/16 = 1.219 V. The highest available output is 11111 = 31/(3/32) 
= 2.906 V. The smallest (non-zero) output is 1(3/32) = 0.09375 V. | Check: 31(0.09375) = 
2.906 V, OK. For closest to 1.000 V: See 1.000/0.9875 = 10.67, for which the nearest integer is 11 
and the nearest representation is 11(3/32) = 1.03125. This corresponds to 11,9 = 010113. 


SECTION 1.4: AMPLIFIERS 
1.14 For each amplifier in turn, beginning with b): | 
b) |) No dc connection to ground implies that /-- = J- = 1 mA: 
P =2 (1 mA x 10 V) = 20 mW. 


. Эр 205107 3 

‚ = — = ———— -2000uA = 2 x 10?дА = 2 mA. 

"i= Ra 0110 4 3 Е 
_ 20 _ 2x10? 


Pin = Үз х 43 nW = 20uW. 


D 
i = Be = 1/1=1mA. 


ЛЭХ І 3 
аа р КО = 0.5 mW. 


= ————у = 50 V/V = .05 V/mV = 34 dB. 


” 20x1073 
7 -3 
A; = 2 = DX = 0.5 МА-05х107 mA/pA = —6 dB. 
й 210510 
Р, -3 в 
Ap = = = ОЭ ХОС L 25 W/W = 025 ШУУ = 10 log 25 = 14 dB, i.c., 346. = 14 dB ‹ 
P, — 20x10 2 


Eff = — o = 0.025 = 2.5%. 
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SOLUTIONS: Chapter #1—8 


f Рон 
c) Pow = 0.1 mW, Eff = 10% = > x 100. 


Р = 10 Р = 10 (0.1) = 1 mW. 
P 1 x 1075 
I = — = ——— = 0.05 mA. 
2010) 2(10) Б 
v; = i; Rin = 10 х 10° x 0.1 x 10° = 0.1 V = 100 mV. 


3 —6 
Р, = рт X 103 x SS = 5 x 105 W = 50 pW. 


10 х 107 
pu, = 10455103 = V2 Vrms = 2 V peak. 
| 2 
Кова = 10 x 10? = 2002 = 0.2 КО. 
2 2000 
Ay = ——— = — = 20 V/V = .02 V/mV = 26 GB. 
» 100x103 100 i 
іо 10 х 1073 
А; = = ————— = 10 A/A = .01 ША/ЦА = 20 dB. 
й 10x10% ё 
10 x 107 
„= e = 200 W/W = 0.2. mW/uW = 10 log 200 = 23 dB. 
50 x 10 
d)- fee. quas: 


V.--V. 2(10) 
= (Pin Rin)“ = (10 x 107$ x .01 x 10^ = 10? V = 10 mV rms = 14.1 mV peak. 
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е) 


1.15 


SOLUTIONS: Chapter #1—9 


V; 14.1 x 107 
i = — = ————— = 1.41 mA = 141 x 10%цА. 
' Ran .01 x 10? Н 


№, = 
Е 
Vo 2.82 
» = = e Е 2 e А 
і К, 01 8.2 mA 
А,-0.2х 10° = 20log;9(200) = 46 dB. 
А; = — = ха = 20 A/A = 0.02 mA/LA = 26 dB. 
lj 1.41 x 10° x 10° 
Pow 40x 102 
A, = —— = ———— = 4 x 10° W/W = 4 mW/uW = 36 dB. 
Р Р, 10 х 10% шинэ 
Рон 40 
= ш---ОХ = Я 
Eff Р ZU 100 = 20% 
Vo 0.5 


“ГЖ, 10x 10° 
Pout = Voi = (0.5/Ч 2) x (05 х 107352) = 0.0125 mW. 
_ Pow _ .0125 х 107 

А 0.1 х 10? 
Ap = 0.1 x 10° = 10008:6(100) = 20 dB. 
0; = (Rin Pin)” = (10 x 10° x .125 x 10)” = (1.25 х 1073)^ = .0354 V = 35.4 mV rms = 354 x 1414 = 
50 mV peak. ! 

Vj 50mV 


4 


i, = — = OO = a. 
Rin 10 x 10° 4 

Uo 0.5 | 
A» = — = —— = 10 V/V = 0.01 V/mV = 20 dB. 

о 50x10 

[ -3 
Aj = 2 = 2310: 2 10 A/A = 0.01 ШАЛА- 20 dB. 

ц 5 x 10 | 

P, _ .0125x 10? 
Р = 0. =O * = 00625 mW. 

Eff 20100 как 

__ P _ 0.0625х107_ _ | Е 4 

= угус = 2d0 — = 5 125ИА = 0003125 mA = 3.1 х 107 mA. 


Largest undistorted positive output signal is 7V peak. 


Largest undistorted output sine wave can be 7 volt peak. 


Corresponding input = ын = 140 mV peak. 


Largest sine wave input (having no dc component) is 140 mV peak. 


For the largest possible unclipped output, center the output between +7 V and —9 V. The corresponding 
sine wave has a peak voltage of (7 — —9)/2 = 8 V and an rms of 8^ 2 = 5.66 V, with an offset of +7 —8 


--1Ү. 
Required dc input offset = —1/50 = —20 mV. 
Required ac input signal = 850 = +160 mV peak, or 113 mV rms. 
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SOLUTIONS: Chapter 41-10 


117 For Vo = 4 V, Vo 28-4(V, — 1? = 4, -4 = -4 (V, — 1}, (Vj - 1? = 1, V;-1=+1, and Vj = 0 
or 2 V, with 0 V forbidden. | 


Now, for a sine wave input v; = V;cosœt correctly biassed, 0; = 2 + V; cos wt, where, 
Vo =8—4 (2 + Vi cos wt — 1)" = 8-4(1 + V;coswt)? = 8-4(1 + 2V;coswt+V7cos*ar) 
= 8 — 4 (1+ 2Vj cos wt + V? (1 + cos 2шгу2) 
= 4 — 8V; cos wt — 2V? — 2V? cos 20t 
= 4 — 2V;* — 8V, cos wt — 2V} cos 201. 
Now, for an output signal (at the input frequency 0) € 1 V peak, 8V; < 1, V; < 0.125 V. 


| 2V; 2 | 
Now, % 2nd harmonic distortion = Ww, x 100 = PX x 100 = — x 100 = 3.125%. 


1.18 vo = 5 – 10-10 £7" 


Vo is largest when v, = 0, at which point vo = L+ = 5 — 10710 ce? 5 y. 


For bias at Vg = 52, 52 = 5 — 107? gn " for which 
In 2.5 x 1070 


' for v; > OV, Vg 2 vy. 


e" ^i 22,5 x 10", and V, = S = 0598 V. 
Now for L-:: vg = v; = 5 – 10779 ann 
In (5 — v,)10!° (65 10 
Solve Iteratively: v; = шош with оро = 0.6V. Thus vj, = TOTO. = 0.612V, and 


_ In (5 — 0.612) 10'° 
| 40 | 
Peak sine-wave allowed is limited by L- to 2.5 — 0.613 = 1.89 V (peak). 


0/2 = 0.613 V. See convergence: L— = 0.613 V. 


4 


v 


dv | 
Gain, A = —2 |v, =25= £ Ї - 10790 “| V, 20508 = —10719 (40) ёо" | v, = 0.598. 
d ^0 dv; d 
i.e., Ay = –107!0 40 созт] = —97.8 V/V. 
SECTION 1.5: CIRCUIT MODELS FOR AMPLIFIERS 
US Ag =A, Th Ry + Ro LAN. 
маан cU EE a M. 
A vo 100 Ё 
and R, = RL — -=l | = 1k |~—-I | =0.429 kQ. Use R, = 430 ohms. - 
Аы, 70 
For а 5000 load, gain = 100 х 2 53.8 Ү/У 
галын 500 + 429 22007 
1.20 
Originally, o, = 1667 v, = R + 10k UUs, 
vs 10kQ vi RUM cadi " Ri T i 
Wüence de = (1). 
Now, with a second amplifier connected, 
— NA S. 2909V/N 2 
R/2-10 — a 
К; 


We) R; + 10 _ 1667 _ Ri +20 
DD —RÀ = 99 = Re 10° 


R;2 + 10 
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SOLUTIONS: Chapter 41-11 


18180 — 16670 


Thus, 1667 R; + 16670 = 909R; + 18180, and R; = ————————— = 1. 2: 2. : 
ius i 9 and К; 1667 — 909 99 КО = 2.0 kQ 
1.21 
p > (open) 
| К " К, m 
Gain of an internal element in the cascade = [Pun X Ayo. For the condition stated, this must be 1. 
i o 
Rj o 
Thus, Ran, ХА = 1,ог Ay =1+ ROC 
Particular Cases: | 
See, for R, 20, Ay, = 1; 
for Ro = Ri, Ayo 2, 
for К; = оо, Ao = 1; 
for Ay, = 11, К, = 10 Ri. | 
1.22 


vs 1MQ 1M A1, 10k — 4ok A2, 0.1k 


vs 1МО 10k, A2, 0.1k 4M, A1, 10k — 


| 100 10k IM 211 
Шу a oaae o mda || IDS VV the best 
Gain (4142 = 195 100 Х 10 Х Tok + 10k IM + IM Н яа 
where: 
100 : 106 10* "E d | N 
ajsa зое I SS RY = 011 V/V. 
Gain (42:41) = 150 + 10 100 + 10° 10^ + 10° ior | 0) 
10 x 100 10° 1 1 
ОК ауе лал UMEN a ЛЭХ ЭРЭ OSV. 
ain (А) = 100 5 108 106 + 106 101 ^2 
100 10° 1 1 
zik луус шшш ж el DV 
Gain (45) = 10 X тоо 100 ^ 105 + 10° u kir 


- 143 - 


SOLUTIONS: Chapter #1—12 


Gain (wire) = 1 х — 00 = 1. = 0,9001 V/V. 

| 100 + 10 10 
Note how important source-to-load matching can be: Only one of 4 possible one-or-two-amplifier combi- 
nations does any good; and one two-amplifier arrangement is worse than either one-amplifier arrange- 


ment! 
Choices: double gain, double input resistance, halve output resistance. 


In general, a change in an input or output resistance by a particular factor provides less than that factor of 
improvement, due to the comparison process inherent in a voltage divider. Thus change of gain has the 
greatest affect for a given factor. Next choice would be output resistance (reduction by 2) since this 
implies reduced power loss in many applications. 


1.23 80 dB = 108020 = 104 V/V: 


6 
For 1MQ load, A, = 2 = 0.99 x 10* V/V. 
| 10* + 10 
4 
For 10 КО load, Ay = 108--22----0,5х 10* V/V. 
10* + 10 
10 1 | 
1 , Ay = 10* ——— = —— 104 = 9.99 V/V. 
For 10 Q load, A, = 10 2: 1001 9.99 V/V 
S, X 104 | і, 
For a 0 Q load, i, = ET ЫЫ = 1, for which g,, = P = 1 A/V. 


1.24 Individual Amplifiers: 


With a 0.5 х 10°Q source and a 100 Q load: 


Vs 10° 102 | | 
= ——————х10х——=——х10х — = 0.066 V/V. 
а) V, |' 0.5 х 10$ + 108 102 + 10° 1.5 101 
Us 104 102 | | s | 
= ———— х100х—————=——х 100 x — = 0.178 V/V. 
о, |? 0.5 х 10°+ 104 10-10? 51 11 
Vs 104 102 1 10 
: e — [шн шини ЕС Из ш 16 ГҮ. 
v, |^ 0.5 x 105 + 104 20 + 102 51 12 
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SOLUTIONS: Chapter 41-13 


b)  One-Stage designs: 


Шин” шинжилж 


Least 
| Output | | 1058 


| high | source. 


load 


load 


Ranking (best first); As Input Coupler: 1, 2/3, 3/2; As Output Coupler: 3, 2, 1; As Provider of 
Gain: 2, 1, 3. 
c) Two-Stage Designs: 
Input: clearly A, is #1 on list 1, and reasonable on list 3; 
Output: clearly Аз is #1 on list 2, but worst on list 3; 
But, А» is #2 on list 2, but #1 on list 3. 
Conclude: Try (A; A) and (A; A3). 
d) Highest Gain for a Two-Stage Design: 


For (A, A2): E 
Gain = 16 X 10x 0 х 100 x — = IA 10x > x 100 x —- 

= 30.3 V/V | 
For (А | Аз) 
шин аи «10x c rg xd 19:3) 151052112 | 

= 2.78 VIV 


Certainly (А, А») seems best with an overall gain of 30.3 V/V. 


e) Reconsidering: 
Certainly, maximizing the gain is a good idea, since coupling is never perfect, (i.e. there is always 
a loss). Of the highest gain choices, pick the highest input resistance for the input stage and the 
lowest output resistance for the output stage, i.e., A, and А» respectively. 
chose (A, А»). 


Try also: 
For (A2 À 3): 
104 105 100 1 10 10 
i a 1( | ee Д D аын x 100 x — x 1 x — 
a tots 05 x 10° € 109 X Fors 103 1004-20 51 тї 12 
= 1.49 V/V. 
Now if two amps of the same kind can be used: 
For (4: A»): 
10* .. 104 100 1 10 1 
Сат=————х100х———х10)х———=—х100х—х100х — 
0.5 х 106 + 10^ 10? 4- 10* 102 + 103 51 11 11 
= 16.2 У/У. 
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1.25 


SOLUTIONS: Chapter #1—14 


Note in retrospect, that the only way to possibly better the value of 30.3 V/V is to use (A, Aj), 
(A2 A5), (A2 Aj). See that the loss at the output is too great in the (A, Aj) and (А, A)) cases. 


With 10 КО source, and 10 КО load: 


a) 


There are 9 possible amplifier pairs: 


4 4 
Gain bise 100500. 
10+ 10 10 + 10 


1000 1000 | 
1001 1001 


4 4 
Gain 1, 2 = 0 5, 


1000 | 1 


1001 2 

4 | 4 
Gain 1,3 = TE E 1 
10 + 10 10° + 10 


1000 1 10 


— —4 X 100 x; x 100 
10-10 10" + 10 


x 100 x ————; x 100 


: 104 
104 + 104 


= x 100 x ——— x 100 X = 4901 A/A. 


10? 


х рыдан раш 
10? + 104 


x 100 x — x 1000 x FTH = 4541 A/A. 


10? 4 


X PES RU на НАЛЫ SEEN 
10? 4- 10* 


= x 100 x — x 100 X — = 4541 A/A. 


1001 2 11 
109 107 


Gain 2, 1 = ——————- 
10* + 10“ 


10 + 10° 

100 1 
2 101 

Gain 2, 2 = l 


2 11 11 
1 


4 3 
Gain 2, 3 = у у X 10° x — =; 


| 10 

2 11 11 
4 5 

Gain 3, 1 = —~— x1 ees 

10° + 10 “710410 


| 


104 105 


Gain 3, 2 = ———— x 100 x——— х 10” x 


10* + 10* 10° + 10 
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x 10° x ————~ x 100 x 


хаг doi гр 
10* + 104 10° + 104 


00 х — —— x 100 


109 


10* + 104 


x 10° x —— x 100 Хос 24752 А/А. 


10° 


х ran tig ala 
10? + 104 


x 10 x —— x 109 x — = 4132 АЈА, 


10° 


x 10 x — x 10? x — = 4132. A/A. 


10^ 
10* + 104 


= 5 X100 x 1 x 100 x = = 2500 A/A. 


SOLUTIONS: Chapter #1—15 


1 10 1 


= 1 х1о0х 49 x 10 x 1 2 | 
3 Г Г, 132 А/А 
4 5 
Gain 3, 3 = —~— x 100 x 10. x 10 x 10. 
10* + 10 10* + 10 10* + 10° 
| 10 ,.. 10 
= — x — = 
z X 100 iX Ха 4132 A/A. 
Summary: 
Gain Combination 
24152 (2,1) 
4901 (1,1) 
4541 (1,2), (1,3) 
4132 (2,2), (2,3), (3,2), (3,3) 
2500 (3,1) 


Note the relative superiority of (1,1) is due essentially to the R; of amplifier 1 being 10Q. 


1.26 Figure of merit: Aj, А/К, 


Lowest ranked are A 2, Аз: 
Consider: G22, G23, G32, G 33 with values (from P1.25 above) of 4132, 4132, 4132, 4132, respectively. 
Thus the highest available gain with the lowest-ranked amplifiers is 4132 A/A. 


1.27 


Fig. of Merit (1) Fig. of Merit (2) 
Em Ro К; = Em Ro Ri = 
Ais Ro Ais Ro R; 
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1.28 


1.29 


1.30 


1.31 


SOLUTIONS: Chapter #1—16 


102 
For А, 8m = Еа 10 A/V. 


107 Р 
For А», 8m -o 107 A/V. 


10? E 
For Аз, 8m = т = 10 A/V. 


Figure of merit (FM) for a transconductance amplifier is g,,R,R;. But g,,R,R; = = x R, ХЕ, 
i 


= A;,R,. Use as ЕМІ. However, high R; is obviously very important for the g,, generator. Consider 
Ais Ro Ri = gy Ro Ёс, as ЕМ2. 


lc 
Ais =. a, v =0 7 В 
lp 2 
Ube Vbe 
Ri = = —— = гу. 
a | 97 ur. ^. 
Ve 
Rə = — | i297 со , as described. 
le 2 
їс Ube 
Gm = ; but i; = В ір, andi, = 
c ut i, = D ij, andi, 5 
| В th В 079725 p 
G, =— = —— 
Ube Ube rx 
Numerically: 
A; = В = 200 mA/mA, and С, = È = —200 = 40 mavv. 
rr 5x10 


For the gain 94/0, : 

From Fig. Е1.14, see i =i,, UV, =v,, and і =i, +i, =ip(1 + B)=(B+1)i: Thus 
De = ie Re = (B + DR i, and о = h (ra) + Ve = „(гт + (B+ DR). © Correspondingly, 
VA, = VP, = (В + 18.4, Иб + (B + DR] ofr VA, = (B + DRAG + (В+ DR], ог 
vA, = МІ + rA + DRJ] = VW + rZR,) = RAe + Re). 

For the resistance Rj, seen at the emitter: apply a test voltage v, at E, with the base input grounded, 
and А, removed. See ip = —vuv/r,; ic = Bib = -—pu/r, Thus total current from wv, is 
iy = Ип — фот = Vy (В + lyr, Thus Rn = 0,0, = ACB + 1% = В+ 1) = г. Thus the 
resistance seen by К, is Rin = rp + 1) = г, 


For the gain Vp: See (from P1.29 above) that i, = (upsilon, — v, Yr v, that о, = (B + Di Re, and that 
upilon, = rxip + (B + Di; R, = i(rg + (В+ DR). Thus v = — BRAr, + (B + DR], or dividing 
by (B + 1), 9,/95 = - [BRAB + Dr AB + 1) + Re] = — OR Ar, + Re). For the resistance seen by Кү, 
note that the output at C is a current source |, whose current is independent of v,. Thus the output 
resistance seen by К, is infinite. 


From Exercise 1.14, Rin = rg + (В + D)R, at the base. Now with a resistor Rs connected from a source 
v, to the base, Vp =[R,ARs + Rin JVs, or uy = urs + (В + DR ИК; * ry (В + 1D)8R,]. Now 
v/v, = [vp ][v,/,], where from P1.29 above, vA, = (B + DRArr + (В + 1)R]. Thus 
оо; = (гс + (B + DROGs + г, + (B+ DR) x (B + DRér; + (B + DR. 

This reduces to half the value without Ас when the leftmost factor becomes %, that is when 
Rs = [ra + (B + 1)К,]. 
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SOLUTIONS: Chapter 41-17 


This is a very logical result which can be seen directly, since when Rs = Rj,, half the input signal is lost 
in the resulting voltage divider. 


SECTION 1.6: FREQUENCY RESPONSE OF AMPLIFIERS 


1.32 


1.33 


1.34 


1.35 


1.36 


D 
Р | = 2° = 200) _ 2000 viv. At 1 KHz, the period is = 1 ms. 
| i 


Delay of 0.2 ms corresponds to M х 360 = 72°. Thus, the corresponding phase shift is 72^, lagging. 


The 3 dB bandwidth = 100 kHz — 0 kHz = 100 kHz. For capacitor coupling, the bandwidth is 100 kHz 
— 20 kHz = 80 kHz. | 


See for circuit a) that Vou = V; — Vo is the voltage across R, fed by C, i.e. a high-pass output. 
Correspondingly, for circuit b), Ууц = Vi — v, is the voltage across С, a low-pass output. In fact, the 
circuits are really the same, with both output types available: high-pass across Ё, and low-pass across C. 


See immediately, that as frequency goes from 10 kHz to 20 
kHz, gain drops by a factor of 2 from 8 x 10? to 4 x 10? 
V/V. Conclude that 10 kHz and 20 kHz are on the — 20 
dB/decade rolloff, such that 


Af =f, =20x 10?x 4x 10° = 80 x 10°Hz. Thus f,, the 
unity-gain frequency, is 80 MHz. Now, since at 1 kHz, the 
gain is only 11/8 larger than at 10 x the frequency, one can 
conclude that the midband gain is likely to be 11 x 10° V/V. 


еа = 7.27 kHz. At 
11х10 


frequency f, the phase shift is tan” ‘Sf н. For tan! ffy = 
m | 60°, ffu = tan 60° = 1.73. 
T 10 20 Thus, f = 1.73 (7.27 kHz) = 12.6 kHz is the frequency 
where the phase lag is 60°. 


41x10" 


Thus the 3 dB frequency is fy = 


For each stage of the amplifier, the 3 dB frequency is at Фу = VRC rad/s. For 2 stages, the output 
reaches 2 of midband amplitude at the frequency where each stage contributes (1/2)”, that is when 


| 2 | л А 2 
———— | = | | ог 1+ | — | = 2" = 1.4142, ог 
[12 + (оон)? ]^ 2 Он 


Q = Wy (1.4142 — 1)^ = 0.644 wy. 
Thus, for 2 stages, the 3 dB frequency becomes 0.644/(RC) rad/s. 


Now, for a modified cascade, where one stage has «€; = VRC and the other has Онц = KRC) = Wyk, 
the response will be: 


ОНИ. — — 
(1 * j Woy) (1 +j ko) (2: (02:02 222 
` 0) он 


ko? |^ o | 
The response is 3 dB down when |1- —5- | + | &+1) — | =2, 
OH Он 


2К 0) 
юй 


o? ад ш? 
ог, 1- +2 2 eG eo or (2-2-402-1)-2--1-0, 
о of OH oj 
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SOLUTIONS: Chapter #1—18 


whence -2 | =- (C * DE CO +1) 446). (hi + 1) + CK"  6k^ +1) 
Он 2k? | 212 
=k? — 1 (kf + 6k? 19 |. 
Thus 0 = Og е гт. ша) 
Check: for k _ " 
-1-1%1+6+1# |" -2418 |” 7 


= wy (0.414)* = 0.6440н: OK. 
To find К for which WWW, = 0.95 from (1), solve by Trial and Success: 


| | и \и 
Now, for the convenience of smaller k, from (1); 920g | – > - I + | i + > + a | | ; 


in general. 


A 
For К = 0.1: @ = wy | — 0.5 + 50 + (25 + 150 + 2500)” | = Wy | — 50.5 + 51.48 IL = 0.990. 
| E" 
For К 202: © = wy | - 0.5 — 12.5 + (25 + 37.5 + 156.25)" | = 0.9640. 


⁄ 
For k = 0.25: @ = Wy | – 0.5 – 8 + (.25 + 24 + 64)“ | = 0.9460. 


Thus, the required value of k is about 0.25. 


1.37 © 
жэс © ^0 


60 
V | 74 
| Дуза е 


40 
| © (14 "T MET 


Үү 
© % 


© 


y 10 10? 10? 1019 AN 08 


© 


Overall, 1000 = 20log 10? = 60 dB, Аі. = 1: 


1 ! TE 0 dB, and — = -y = —20 dB, totalling 60 + 0 — 20 = 40 dB. 
1+] 1 + — 
7 тоз jl 
At / = 
— = 1 = 0 dB, and г = -Jy = -3 dB, totalling 60 + 0—3 = 57 dB. 
J 10 710 


SOLUTIONS: Chapter 41-19 


At f = 100: 1000 x x = 1000 x 1x 1 = 60 + 0 + 0 = 60 dB. 
7100 10 
1+] 5 =т= 
10 7100 
At f = 10%; 1000 х —X |x ——— | =#1000х1х1=60+0+0=60 dB. 
ere jg 
10 j 10 
| | 
At f =10%1000х | ——- | x | ———.— | = 1000x 2x 1 = 60-3+0=57 dB. 
1+ —- 1 
1 40 j 105 
At f = 10% 1000x | ——— | x | ——g— | = 1000 x — x 1 #60-20 + 0 = 40 dB. 
1+/ — i | 
710 ) 10° 


See, 3 dB bandwidth = 10? Hz — 10 Hz = 10? Hz. 


Now, phase is 6° at a frequency which is a factor of 10 on the midband side of f; and fy. 


5 
Thus, theregion for which phase extends from +6° through 0 to —6° is from 10 (10 Hz) to 2 ын , Or 


from 100 Hz to 10^ Hz. 


1.38 
7; ; 
a)  Wesee in general that: A, = —H 
(jf + 105) бо +1) 
7 8 
See at very high frequencies, that | A(f ) | ә v = rm 
7 
See at very low frequencies, | A(f) | - E 8 = 10? f. 
| (107) (1) 
7 
See at midband frequencies, | АС) | = S = 10°, where the midband extends from 
£= l, orf =10 Hz, to f = 105 Hz. 
Check: 
107 ) 10 10° 10° 
See, at f = 10 Hz, A(f ) = ————— ——-, and АФ | = Su T 
( 10 + 105) (Le +1) v2 v2 
107 j 105 10!? | | 10? 
= 105 å J = 23 
See, at f = 10° Hz, A(f) ‚апа | A(f) Wo 


| . 10 710344) (109) 
10° + 10) (/ —+1 
0 141090 10 +0 


Thus the midband gain is verified to be 10°V/V. 
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b) 


SOLUTIONS: Chapter #1—20 


107 jf _ 107107 107 


Моу,Аг----тст iam = = 
Gf + 107) GfA0 + 1) if 


From this form, we sce that the critical frequencies occur when: 


£= |-э/ = 105 Hz, and Glos = 10 Hz, 
10° 

(1 + j€) (1 7 j£2) 

Note that the latter approach is more straightforward. 


such that between these frequencies, А = and | A | = 10° V/V. 


Rs 
vs 10kQ vi vo 
C 
| Vo R; 
At low frequencies, Ay = uds R, + R, х Gm Ro = Ам. The upper 3 dB frequency, Wy = NR, C). 
Now R;22.M,R, 2007, Gm = 40 1. For TT РЕ > 109, ie. Цааш ——— > 106, 
2n К, C 2 1 2007 x 10 x 10 
I = 10° x 2 пх 200 x 107!! = 0.0126 A = 12.6 mA. 
К; 200 2.32.6 
Now, Am = Gu Ro О Туе L260 
= 40 x 200 x 0.198(0.198 + 10) = 155.3 V/V. 
Gain-Bandwidth | 
| i | | — Gm Ri 401 (257)  100С 
(He күк Can ос С 25 25" 
R, + — Rt 
I I 
100 . 
See that for large 7, GB = RC’ independent of I! 
7_ 100 _ 100 9 107 
Now, Gain x 27 x 10° = CR. 10 х 10:12 х 105 = 10°, whence Gain 2 2n x 107 = 15.9 V/V. 


See directly (but approximately), that the previous design has a gain of 155 and a bandwidth of 1 MHz. 
Thus this design, with a bandwidth 10 x greater, should have a gain 10 x less. Required current 
I = 107 x 21 x 200 х 107!! = 126 mA. 
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SOLUTIONS: Chapter #1—21 


1.40 The circuit described is as shown, 


2906 
1. - is n 


In this circuit, C; is small and included within Сү (or ignored). The resistance scen Бу Сү is 
Rc, = Rs ll R; = 20kQ 11 100k€2 = 100k€2 = 10069045 + 1) = 16.67k€2. The resistance seen by С» is 
Rc? = (2000 1 160 + 1KQ) = (AK QS + 1) + 1&0) = 11670. For a low cutoff frequency at 20 kHz, 
21(20)10? = ККС), where C, = 1(21(20)10(1167)) = 6.8 nF. For a high cutoff frequency at 80 
kHz, 21(80)10? = ИКсүСү), whence C, = 1[21(80)10(16.67 x 107) = 119 pF. The midband gain {for 


Rs 
vs 20kQ 


_ _ 100 1111 
whose calcultion C, = 0 and C2 = œ} is 0,/0, = T0050. x 100 x ETETE] 02 = 100120 х 500/700 = 
59.5 V/V. 
Now for the transfer function (in terms of p = 5/27, a complex Hertz value, and (using Table 1.2 on page 
59.5p 9 

the T Vos TA a LEE E PN | 
32 of the Text) Vs (p) = C+ PAO +20) (1 + pO + 207) (Check: For p =0 
V/s (p) = 0; For p = оо, 0,/0,(р) = 0; ОК.) 
Now at midband (40 kHz), p =jf = 40, and 

| 59.5 y 

VAs f = (1 + }4080)(1 + 20/40) (1+]0.5)(1—]0.5)` көй a ш "E 
lug/u, | = —————— = 47.6 V/V andy (0,/0,(40)) = — tan !0.5 — tan!( — 0.50) = 09. 


(1 + 0.52 (1 + 0.52)^ 
For the 1 dB bandwidth where: -1 dB —20log;9K = — 1; K -logid(-V/20) = 0.89125 = 0.891. 


Now 175177) = 0.891, when 1 + £780? = (10.891)? = 1.259, and f = (0.259)“80 = 0.509(80) = 
40.708 kHz. 
Likewise Ey = 0.891, when 1 + 20272 = 1.259 and f = 200.259" = 39.304 kHz. 


Thus the 1 dB bandwidth is 40.708 — 39.304 = 1.404 kHz. 
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SOLUTIONS: Chapter 41-22 


1.41 
К 
| Ug = X Vi 
ч es 
d 
Cs 
Up = л Ui. 
К + — 
Су 
Vo = Va — Vp 
Ї 
ДК сше 
Vo _ Cs _ КСв-1 
Vs pal RCs + 1 


Vo | : 
At low frequencies , 32 — -1; Magnitude = 1, Ф = +180°. 


$ 


Vo 
At high frequencies : — > ae 


"i RC = 1; Magnitude = 1, Ф = 0°. 


Atosa T sell d with magnitude Y2 = 1, and Ф=—45° —45° = -90° 
RC "w jl’ 5 Үз? х | 
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SOLUTIONS: Chapter #1—23 


SECTION 1.7: THE DIGITAL LOGIC INVERTER 


1.42 


1.43 


1.44. 


1.45 


po Б.О - 1.5 = 3.5 V 


(2.35, 5.5) | 


From the description (and diagram), Vo, = 0 + 0.5 = 0.5 V; Voy = 5 – 1.5 = 3.5 V. The transition- 
region gain is essentially constant at [- 10 V/V]. The transition-region width 

= (Voy — VoLY | gain | = (3.5 – 0.5y10 = 0.3 V. The transition region is centred at Vy = 2.5 V. 
Correspondingly, Ин = 2.5 + 0.32 = 265 У, and Үџ = 2.5 – 0.32 = 2.35 V. Thus 
NM, = Мон — Мн = 3.5 – 2.65 = 0.85 V and ММ, = Үп, — Vo, = 2.35 – 0.50 = 1.85 V. If the transi- 
tion region doubles to 0.6 V, the margins change by 0.62 = 0.30V to NMy = 0.85 — 0.30 = 0.55 У, апа 
NM, = 1.85 – 0.30 = 1.55 V. To equalize the noise margins for lower gains, the transition centre must 
be moved by (1.55 — 0.55y2 = 0.50 V (lower) to Vy = 2.5 – 0.5 = 2.0 V. 


See with the switch open (as in Fig. 1.31(b), Уон = Vpp = 5 V. With switch closed (as in Fig. 1.31(c), 
VoL = 0.050 + [50(50 + 1000)](5.000 — 0.50) = 0.050 + 0.0476(4.95) = 0.286 V. 


For input high, Ps, = 5[4.95/1050] = 23.6 mW. 
For input low, Ps, = 5(0) = 0 mW. 


For a 5 КО "leak" and assuming that the lower end of thc switch is essentially grounded, 
Уон = 5(S1 + 5)) = 4.17 V, and the static power is essentially Ps = УК = 5⁄1 + 5) = 4.17 mW. 


Now for 50% duty cycle, average dissipation is Ру = 0.5(23.6) + 0.5(4.17) = 13.9 mW. 


For ideal switches, Уон = Vpp = 5.0 V, and Vo, = 0 V. Since there are no static current paths, static 
power is Ps = 0 mW. For each switch with a leakage resistance of 5 КО, Уор = 5V(50/5050) = 49.5 
mV and Voy = 5 – 0.50 = 4.95 V. In each state, the static power loss is 595050 = 4.95 mW. Thus, 


the averagc power loss is 4.95 mW. 


For a 1 V logic swing, Rc, = Rc; = R = 1V/AmA = 250 О. For a 0 V upper supply, Уон = 0.0 V and 
VoL =0- 1V = — 1.0 V. For equal noise margins, the switch should operate at (0 + 1⁄2 = 0.5V.. For 
Ver = 5 V, and /gg = 4 mA, the power loss is constant at Ps = 5V(4mA) = 20 mW. Since the circuit 
switches currents, gate operation is unaffected by reasonable switch resistances («Rc). Switch resistance 
changes only the voltage at the switch common point. No, the power dissipated (assuming no load capa- 
citances) is unaffected by switching. 
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SOLUTIONS: Chapter 41-24 


1.46 For Vpp = 5 V, Ron = 50 Q (and ignoring leakage) with a 10 pF capacitor and operation at 100 MHz, 


1.47 


1.48 


dynamic power is Pp = fCVĝp = 100 x 10°x 10x 107? х 52 = 25 mW. Transition times аге 
governed by tT=R,,C =50х10х107!2= 0.5 ns. For the transition times e? = 0.1 for 

= — 0.51л0.1 = 1.15 ns. Thus the 10% to 90% rise and fall times are essentially 1.15 ns (ignoring the 
very small time for the initial 10% swing). The output reaches Vpp/2 when t = — 0.51n0.5 = 0.35 ns. 
Thus the propagation delay is 0.35 ns. 


Here, the supply 15 ЗУ, switches operate at 1.5 V, Ron = 500, and Reak = 5 КО. For no leakage, 
Vo. = 0 V and Voy = 3.0 V. For leakage, Уу = 3(505050) = 29.7 mV = 0.03 V and 
Уон = ЗУ — 30mV = 2.97 V. For no leakage, the static power is 0 mW. For leakage, the static power 
is 395050 = 1.78 mW. 


Left 
Switch 

Riqht 
БН си 


о T2 T 32 2т SU ЗТ 


The time constant for each transition is т = КСС = 250 x 3 х 10!? = 0.75 ns. See Voy = 0 V and 
VoL = 0 – 4тА (2500) = — 1 V. Now гр = try, = — 1110.1 = 2.37 = 2.30.75) = 1.73 ns, and 
ірін = tpu = — 1110.5 = 0.691 = 0.69(0.75) = 0.52 ns. For 200 MHz operation (independent of duty 
cycle) the dynamic power at each output is Pp; = /С(ДУ)? = 200 x 106 x 3 х 107? x 1? = 0.6 mW. 
For 2 outputs, the dynamic dissipation at 200 MHz (independent of duty cycle) 2(0.6) = 1.2 mW. The 
static dissipation is 4mA (5V) = 20 mW. The total power dissipation is 21.2 mW. Note that if the 
power-supply voltage is reduced, the dominance of static power also reduces, to give 13.2 mW total for a 
3V supply. 
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Chapter 2 


OPERATIONAL AMPLIFIERS 


SECTION 2.1: OP AMP TERMINALS 


21 Each op amp has pins for 
input : 2- unique 
output: 1- unique 
power: 2- sharable 
Thus an 8-pin package can accommodate: 2 op amps, using 2(3) + 2 = 8 pins, with none unused 


Thus a 14-pin package can accommodate: 4 op amps, using 4(3) + 2 = 14 pins, with none unused. 


SECTION 2.2: THE IDEAL OP AMP 

22 Voltage between input pins, 9 = v4 — v. = -3V/10* or -300 uV. 
In particular, from the negative to the positive input, one would expect —300дУ or —0.3 mV. 
If the positive pin is at +100 mV, the negative would be at 100 — — 0.3 = 100.3 mV. 


23 For vo = 3.5 V: % = 3.5 УЛО“ = 0.35 mV, across 1 КО. 


| 41073 
required uy = V4 + Vim = 0.35 x 107 + аа | 10° = 0.35035 У = 0.35 V. 
2 О 4. 10 4 
Check: Overall gain is —;— —- X = —-х10 = 10 V/V. 
10° + 10 10 


0.35 V at the input produces 3.5 V at the output. 


SECTION 2.3: ANALYSIS OF CIRCUITS CONTAINING IDEAL OP AMPS 
- THE INVERTING CONFIGURATION 


2.4 
For the desired connection: 


2 33 v R И | 
v 4.7kQ 47 kQ О 2 47 10 V/V. 


E R, 4.7 


For Ку and R, exchanged: 
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2.5 


2.6 


2.7 


SOLUTIONS: Chapter #2—2 


For an ideal op атр: to obtain og = +10 V, v_ = 0 
V, and the current in the grounded 10kQ resistor is 


10 kQ vö zero. Thus, 0у = — 10КО = —1 V. 


v 10kQ V 100kQ 


100kQ 


For gain = 105: For vg = +10 V, v. = — 1010* = —10? V. 
Whence current in 100 kQ is (10 — — 10710? = 1074 A, to the v_ node; 
current in grounded 10 kQ is 107104 = 107? A, to the v_ node; 
current in input 10 КО is (10* + 1077) A = 107^ A, to the input. 
оу = — 10? -10* (1074 + 107) =-103 – 1-103 = – (1+2 х 1073) = -1.002 V. 


Want Gain of —2 V/V with three 100 КО resistors: 
There are 2 solutions: 
vi Ri- 100kQ 100 КО 100 КО 


vo 
— (a) 
vi Ri 100КО 100 kQ 
100 kQ vo 
J = (b) 
Uo 200kQ 
I = ———————m—— , n= 1 . 
For (a), y ТООБО 2 V/V, and Rin 00 КО 
Vo 100kQ 100k92 
For (b), w 10k  ^"V and Rin = 2 = 50 КО, 


There are 2 potential solutions: 
a R,=220kQ, and А, = 10(220kX2) = 2.2 МО > 1 МО, no good. 
b) R;-220kQ, and R, = = Е 


= 22 kQ << 1 MQ; OK. 


vO 
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SOLUTIONS: Chapter 42-3 


4 


2.8 For an inverting op amp, with Rin = 100 КО, use R; = 100 КО. 


(a) For a direct design of gain = —20 V/V, R;z20(R)) = 2 МО, not allowed directly, but 
Ry = IMQ + IMQ in series is OK. If very large resistors are to be avoided completely, and even 

1 МО is too large, consider a network for Ёс: 
There are many possible designs, but 
only three which use 3 100Q resistors 
to meet the specifications, all having 


vi бока Va R2 Vb R4 vo Ку = 100 kQ. 
(b Make К = К = Кз = 100 КО: 
К 
»=-ъу 07 Vi 
5 З 
СА ГУ 
= | R, 
Vo — — Vj Le e | «ны 


R 
1+ sor = 20 — R, = (20-1) 50 = 950 КО, but this may be too large for some applications. 


(c) Make R, = Ro = Ка = 100 КО; 


See 0р 5-0, and, summing currents at 0р, ————— = — + —————, where v, = 0. 
R4 К» R3 
Thus „ле Lee , and thus UNT | qd it —20. 
R4 R4, R$, R4 Vj | R4 R$, Rg М 
V/N. 
X +1+1=20,or Ёз = 2 = ЛИ = 5.55 КО, a very good solution! 


(d МасК,-К,-К,ү- 100КО: | 
See Thevenin equivalent at v; (to the right) is a source 0,/2 with source resistance К; ЇЇ R4 = 50 
kQ. Now, gain to equivalent source (0,/2) must be 10 V/V: 


R, = 10 Кү — 50 = 10(100) – 502 950 КО, which, again may be too large. 


2.9 Two possible gains: 


а) With an ideal op amp: | 

-100 -10 
Zm = , = -0.1 V. , 
10 10 V/V, and 100 Гү 


Gains аге 


—-RYR, 


b) With an amplifier with gain of A = 100 V/V, and С = 1*üt*RjR)A' 


10010 . -10 
Gains are G 1 + (1 + 100107100 1+11100 


10100 - -0.1 
шагналд ЭМЭН сыалын шы Ec аг CU OURU V/V. 
шаа i+(1+10100/100 1+1.1100 


See that the error in the high-gain case = 10%, where G/A = 1/10, and = 1% in the low-gain case, where 
G/A = 1/1000 (We will see why in Chapter 8). 
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SOLUTIONS: Chapter #2—4 


2.10 From Equation 2.1: С = soe a For К? = 100 э IGI = ЗЕ ж 
1+ (1 + RZRjyA Ry 1 + 101A 
| 100 1 
“> . SCRIP MEE гт et E . 9 © ктт = *. < LJ » 
Now, IGI 0.9 (100) when 10га 2 0.9 (100), ог 1 + 101A US 1.11 or 101A < 0.11 
101 
> = 
Whence A 2 0111 909 V/V. 
Now, IGI ^2 0.99 (100) when 101A < 555 — 1 = 0.01010. 
Whence A > - = 10% V/V. 
| ‚0101 | 
Check a о» NR RN, 000000 


2.11 


2.12 


1+ (1 + 100/10* 1+ 10140* 


For a small test voltage v applied at the negative op-amp input terminal (where R3 returns), the op amp 
output voltage ^о = — Av. The current flowing into R2 is і = (0 — — AvYR,;. The input resistance 
R; = Wi = І + AYR3] R; = ЕДІ + А). Now, for an input resistor А |, and input voltage vy, the vol- 
tage at the op amp negative input is 0 — Uu RR; + Ку) and Vg = — Av. Thus, combining, 
TM Е - АК; Е — ARX(1 +A) _ — АК» _ Е К, 

= ооу = EFR, RAAR? К+ К+ КА _ 1+(01+ RZRjyA ' 
expected. | 


as 


voz-978mV 


Since the op amp is conventionally ideal with zero input current, 10 HA flows in Ry. Thus 
Ry = (10.1 - — 978)107410 x 1079) = 98.8 kQ. К, is likely to be a nominal 100 КО resistor, with a 
tolerance of 98.8 — 100) 100 — 98.8/100 x 100 = — 1.2%. [Even more likely, this is a £5% resistor near 
the middle of its value distribution.] The open-loop gain А = ~ 978/0.1 = — 96.8 V/V. The input 
resistance at the negative input node 15 R; = 10.1/V/10uA = 1010 Q. Check: Using the result in P2.11 
above R; = RsA1 — A) = 98.8(1 — — 96.8) = 1.01 КО, as above. OK. For input resistor 


R, VWs = —[RARs + Rj)] х 96.8. Now, 00/05 = —10.00 for Rs + R; = 96.8К/10.00 = 9.68R;, 
Rs = 8.68R; = 8.68(1.01) = 8.77 KQ. 

—R Е 
Check: From Eq. 2.1, G = ша 1 = ECL C NR = — 10.00VV, as required. 


1+(1+RyR YA! 1+ (1 + 98.88.77)96.8 
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SOLUTIONS: Chapter #2—5 


Note how much smaller А; is than the nominal value of LOOKQAOVW = 10k Q! 


2.13 
Since Rj, = 100kQ, R, = 100kQ. 
R1 | For equal gain/stage, 
vi 100 kQ R2 R3 R4 vo бү; G, = + V200 = —14.14V/V, 


and Ry = 14.14 (100kQ) = 1.414MQ, 
» ро which is too large. 


Use R} = IMQ, for which G, = -10”710° = —10 V/V. ` 
200 | 
=e = — V . 
С» T 20V/V 
Use R4 = 1 MQ, Ёз = К-С) = 10920 = 50 КО. 


Thus, use К, = 100 kQ, R, = 1 МО, R = 50 kQ, К, =1 MQ. 


2.14 Now for the circuit above, with R;, = 2МО, make Ау = Ria + Rip, cach 1МО, since larger resistors are 
not available, and А; = 1 MQ. Correspondingly, Су = —V2 V/V, and G} must be +200(—1/2) = —400 
V/V. Use R4 = 1 MQ, and Ёз = 10®400 = 2.5 КО. 


In summary, use Ку = 1 MQ in series with 1МО, К, = 1 МО, R; = 2.5 КО, Ry = IMQ. 


2.15 
R1 | 
vi 1MQ Va R2 Vb R4 vo Since К„ = 1 MQ, use К, = 1 MQ = А, = R4. 
From page 70 of the Text, 
Vo К, R4 R4 
See р 99D 
Ur К, | К; Кз | 0) 


| 1 1 
D Thus -44 =- leu and 


Кз = 120 MQ = 50 kQ. If resistors 2 100 КО only 
are available, one could make R3 = R3a ll R3,, each 
of 100 КО. Alternatively, chose Кз = 100 kQ and select a suitable value for R4: 

1 Ка R, 
22 = 7 15-12 501 ‚апа Кц (1 + 10) = 22 -1 = 21kQ. 


Unfortunately, R4 = 2/11 = 1.909 MQ is too large! One can see that there are in fact no other choices 
than using two resistors in parallel for Кз, ог in series for R2 or R4. 


" Uo R5 R4 К, К, 
Rewriting (1) above v; Кү Ry Rik 


‚ which, for Кү = 1 MQ, becomes 


Do К, R4 | 
m К+ Ка + R , and for Аз = 0.1 MQ, then 22 = Ra + R4 + IO К) К. 
i 3 


Now, if either А) or R4 are IMQ, say К) = 1 MQ, then 22 = 1 + R4 + 10R4, and R4 = 2111 > 1 МО. 


Obviously, using two resistors in series for R4 is possible also, but not as nice from a practical point of 
view, since a new circuit node (for connection of the two resistors) must be found. Thus, the first solu- 


tion (where R4 = R4, ll R35) is the preferred one: 
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SOLUTIONS: Chapter #2-6 


In summary, use R; = К, = R4 = 1 MQ, and R; = 100 КО 1 100 КО. 


2.16 


For 9, = 0: For A = оо, and the feedback working, 
Va = 0. Since i; = i5, then 0р = 0. Now, for v, 


О, i32 14, and , Ug = — (К/К) v». For 0, = 0: 
К, bal Ка Rg E 
Ug 5-0) |= — + — |, 

О 1 К, | К, К; as Gerived in 
Example 2.2 on page 69 of the Text. Using superpo- 
sition: 

К, j К, К, К, 
vo 7 — = — + — | Vy — 0). 
шин! R Rj] Rs ^ 


SECTION 2.4: OTHER APPLICATIONS OF THE INVERTING CONFIGURATION 


2.17 


V, (s) T 2365) Ер 
vi) 


R2 


00(5) _ 
R, 


Thus Pur = — 


which is independent of frequency if КС = 


Vo 


1+ 105 x 10° 5 
1+ 105 x 107 s 


Sce 


i 
— 10V/V, independent of frequency. 
For К» raised to IMQ: 


_ 10° | 1 4 1075 
10* | 1+ 107!s 


(b) 
Uo 
Vj 


See -100 | 


For К» lowered to 10 КО: 


Vo __, | 155100 
y; 1 + 51000 


(с) 


See 


t 
2.18 Using Vo = Vc - = А о (t)dt , see: 


For v, = +1 V, the output vg = Vc ~ 


Zs)», 1 


14К,С 8 
1-К:С:,8 


For Сз = 0.1 С = 0.1pF, and Кз = 10 R; = 


«| 


1 + s100 | 


RYC 4 К, 
R4*YlC5s Е 1+ Ry Cos 
RCs R, | 
К +С 5 1+ R4C;5 
R3C4. 
1070: 


1+ 10725 |_ 
1+ 10725 


1+ 510 


1 


t 
_ Vv. таз 
aga h Idee Vc - 10 t. 
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SOLUTIONS: Chapter #2—7 


That is, the output is a negative-going ramp with slope of 1 V/ms or 1000 V/s, proceeding from 
Vc = 10 V downward, rcaching zero in 10 ms. 


Directly: Following the 1 V step, the input current is = charging C, causing Vg to fall at a rate 


| ; . 10 
— = — = — = — = 10? V/s, 10 V — = 10 . 
Т С РС TE s, moving In 103 ms 


-| 1 f | -1 
2.19 Assuming Vc = 0 V, Vg = CR | v, dt = CR [ 0.1 sin 2x 60t =- 10x10? 0.1 ын, | X COS 
2n 60 t = 26.5 x 10? cos 27 60; = 26.5 x 10 ?sin(2n60t + 90°) = — 26.5 x 10 ?sin(2n60r — 90°) 


indicating that the output is a sine wave of 26.5 mV peak, leading the input by 90°, or, alternatively, is 
an inverted sine wave, lagging by 90'. Note that the latter idea, that of a lagging inverted output is the 
most consistent with the STC low-pass view of the Miller integrator. 


2.20 


dv; 3 I 
Ug =- CR —— =-5x 107° ——z1 V. 
dt 
а^; . 
p ees 200 V/s. That is, for an output of +1V, 
the input must fall at a rate of 200 V/s. 
See t, = 0, Ё 
Ї) = 2-5 = 20 ms, 
107- 
t4 = 20x10? — A ; = 40 ms. 
-1/107 
For the rise, ug = — 5 ms х 1 V/ms = —5 V. 
| | | For the fall, og = — 5 ms х –1 V/ms = +5 V. 
о 2008 40ms 
2.21 
(а) 
R 
10 KQ 
| 4000 TBE 
vi 100Q 'H к 
i b NN 
(%) Т=100нз 
: : Е. 10k Q | 6 2 
Immediately, upon the input rise, Vg =— qoo |" -10 V. Time constant: t = 10000 x 1 x 10? = 
оч | | | 10 х 1079 

10 s = 100 us. In 10 ps: the output rises (almost linearly) to —10 + TDOGC 02 х 102-9 V. Then, 


as the input falls, the output rises by 10 V to +1 V. 
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SOLUTIONS: Chapter #2—8 


(b) 
vO 0 
50mV | | | 
22 100 05 
At the falling edge of the input (time 7; ) the output rises by 50 mV х 10КО/1000 = 5 V, then begins to 
fall with a time constant, t = RC = 100 x 10% = 10745 = 0.1 ms. By the rising edge of the input 
(100/0.1 = 1000 time constants later), the output has reached 0 V. 
2.22 


Want, Vg = — (0, + 220, + 303) 
(7 02 V3 
+ — 


--3 |--4-- 
3 32 1 
. | i V2 3 
dl cc эн кєр. 


Thus, make R; = 10 КО, Ry = 30 КО, 
К, = 30 КО, and В, = z = 15 kQ. 


2.23 Want Vg = V; + 202 – 303. 
See that there are several decompositions: 


a) Ug =- E — 202 + 5], 

b vg =- ЁО + 202) + 30s, 

Cc) o=- ЁС ж202- зо) | ‚ With corresponding circuits: 
R1 R2 


vi 10kQ 10 kQ 


v2 10 kQ 
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SOLUTIONS: Chapter #2—9 


2.23 (continued) 


R1 R2 
vi 20kQ 20 kQ 


R5 


4 
v2 10kQ ini Р 


30 kQ 


R8 
v3 10 КО 


409) = 
R1 
vi 20 KQ 
R2 R3 R4 
R6 R7 
v3 10kQ 15КО 20kQ  10kQ 


10 


een [en 
10 | 30 


10 


10 10| |10| |10 - 


20 10 
20 10 


10 10 


20 10 


Conclusion: 


Note that b) is obviously the simplest, using the fewest op amps, derivable directly from c) which is the 
brute-force approach. Note that a) is clearly not a good choice, using an extra op amp to separate 
(unnecessarily) the 0, and V2 inversions. Conclude b; is best, with the fewest op amps, the fewest resis- 
tors, the lowest total resistance, and on input resistance 210 КО. 
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SOLUTIONS: Chapter #2—10 


| D 
2.24 For an ideal op amp and virtual ground at v, ic = RUE + - апа 
V TER + 202] = 
А Cs 10k 1! лот 


Ug = V, — 1000 i [vi + 2vxXt) | dt. 


SECTION 2.5: THE NON-INVERTING CONFIGURATIO 
2.25 Normally: 21 =1+ Ri =1+ 2 = 11 V/V. 
Ur К, 4.7 
Vo К, Р 4.7 
Vi R 1 47 


With resistor exchange: 


kV 
ы = 1.5 V/V, with three 1 КО resistors: 
1 


2.26 Want 


Solutions: 


1kQ 1kQ 1 Ка 
vo 
= (b) 
vi 
2.27 Want vg = Ui; + 202 — 303: 
Simple approach: 
Зз ВЗ Rf 
vo 

vi К Va 


Make К, = Күр — Кү -2R,. 
Ry R, R3 2К, 
Now if R; =2R3, and v; = 0: 
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2.28 


SOLUTIONS: Chapter #2—11 


2R; | | 
Vo = |1+— | — (%® + 202) = (0 + 209). 
К | 3 


In general, Vg = V; + 20; — 203. Unfortunately, neat and simple, but not quite right! We see the need 


for more gain for v3. 


Second approach: (The idea is to reduce the gain given to (v; + 209) ). Let К, = 3R5, such that for v3 
alone, Vg = —303. But, now, 00/0, = 4. Introduce an additional input v4 = 0 V connected to Va by R4. 


Now by superposition, 


КК, КК, 
о = Re її, ос Каор КНК 
нэл Raa RR? 
Кзу+К 4 2 КК, 


ОГ 
Ry R, R, R, 


T E 
Va = үй, +R, Ra+ RaR, '* Ri Rp R4 R4 ЕЕ, ^2 


Now, if it is required (for v4 = 0), that v; + 20) =0,, need Ау = 28,, for which 


1 
Зо: НИНИ + 22»). 
Va R, R, " (0) + 202) 
R4 Ry Ё 


l 


R 
Now for the desired output, vg = 404a, and ------ = L for whicl - =4-2-1=1, or 


І 4 
— +2 +1 
R4 


К,-Кү-2К,. Thus use R = 10 ко ә R, = R4 = 20 КО, and use Кз = 10 КО — Ry = 3R; = 30 


kQ. 


v2 R2 Rf УН1 КМ Rf 


vo 


vp1 RP1 Va 
КА 


— (1) үр2 ВР2 — (2) 


Want Vg = 10 (vı – 02). Try the circuit in 1) using Ку, Ёл, Rp: For w 


Ug = —10v, = – К,/К, V2. Ry = 10К, 
For Кэ = 10 КО — К, = 100 КО, for which vg = – 10 v; 


Now for v, alone, (Аз = оо), 00 = Ї + К/К | y, = (d + 10) V = 1190) 
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alone, 


2.29 


SOLUTIONS: Chapter 42-12 


and, together, Vg = 110, — 10v; 
We see that there is too much of v,: It needs to be attenuated: 
Introduce an additional resistor R3 from v, to ground: 

Va = 2 v = Ши Uy 

R, +R; 11 

Now for Кү = 10КО , Ry¥10+ R3) = 10/11, and 11 А; = 100 + 10R;, 
whence Кз = 100kQ, with the result that vg = 11 v; x 10/11 — 10 v; = 10(v, — v3), as required. 
In summary: Ку = R3 = 10 КО, R; = Ry = 100 КО, | | 
This configuration, with Rj/R? = КУК |, is referred to as a difference amplifier. 
Alternatively: From the equations supplied in P2.44 on page 1116 of the Text: 


vo ce EE] oe a te Ао, [Reet Ree | | Ree Rez 
О Ку М1 Ru Pi Кор. P2 Ra 


R 
We want vg = 10 (0; — v2). Now, for Uy; = vj, sce —— = 10, and for Ry, = 10 КО, Rp = 100 КО. 


NI 
Ry Rp, WR 
Now for vp; = V1, see | Ци: 
Ку Кь| 


= 100 КО. Clearly, if vp2 = 0, then vg = 10(v, — v). 


Крэ 


-102:111------ 
Rp, + Rp2 


, and for Rp, = 10 КО, Rp2 


(a) For the circuit of Fig. 2.19, using the result in Equation 2.11 on page 83 of the Text, 
Е 1+ КУК, 
+ (1+ АУА ` 
У/У. 


1 


1+ 020) = 0.909 


Now with А) = 0, Ri = о, А = 10 V/V, see С = 


AD | -R 
(b) Now for the circuit of Fig. 2.16, with R,, R2 finite, С = VISTAS Now for G = 1.00, 


1-КуКку-1-4(14Ку,К,/ 10-1-40.1-0.1КуК, and 09 RZR, = 0.1, R/R; =0.W.9, and 
R,-9R;. Thus, К = 10 КО, Ку = 90 kQ. Thus 
Gain (nominal) = 1 + 10/90 = 1.11 V/V. 


11111111. 1.00 V/V, as required. 


хаш S4 VIO ^ DH 


SECTION 2.6: EXAMPLES OF OP-AMP CIRCUITS 


2.30 


For v; = 0, Эр = 0, and the meter is required to read 


R IM 502 mid-scale. That is, Jy = 0.5mA. Thus R; = (0— — 
mm Ween 10)/0.5mA = 20kQ with the —10V supply. Now, for 
man” zi full-scale reading with v; = +1V , Jy must be ЇтА. 
оК + (0; – — 10YR, = ImA, and 1К + (1 + 
нь, 10)/R; = 1, whence VR = 1 — 1120 = 920 = 0.45, 
and R = 1/0.45 = 2.22kQ. Check: for v; 2-1 V: 
p DX poche sd 1. 9 . 05085 

0 to 1 mA M Ri Е 20 222 ` | 

-10М = 0 V: OK. 
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SOLUTIONS: Chapter #2—13 


2.31 
* 15V Кү = +5V/0.5mA = 10 КО; R, = (15 — 5)/0.5mA = 
20 КО. Op amp standby dissipation is 2(15V) х 
R2 2mA = 60 mW. Op amp dissipation when loaded is 
1 kQ 20 mA (15 — 5) = 200 mW. Total op amp dissipa- 


tion is 200 + 60 = 260 mW. 


Note also: That the bias network dissipation is 15 x 
0.5 mA z 7.5 mW, and the load power consumption 


+ бу 


PR is 5 x 20 mA = 100 mW. 
: Thus the total supply power is 60 + 200 + 7.5 + 100 
= 367.5 mW. | 
2.32 From Equation 2.13 (or directly by superposition): 
NU РЕ 25 AL D = ou i 
оо = К, о! К, К, + Ка m К, 1+ КУК i 
100 1 + 100/10 100 100 + 1000 
H Ug =- = VU; E TENE EU apres = — 0р + ——————— v = 10 (0, - vy). 
ence vo =- ag + 19100 4^ ^ 749 "t 40940. 2759 92 99 
V | 
gain А = = —10 V/V: (Note the sign!) 
А Vi 2) 
V 
2.33 For this situation, gain on — ы = -5 VN. 
To recover the gain, two possibilities exist: 
a) Remove Кү and R, and connect sources 
directly. 
- b) Make R, = К; = 200kQ. 
100 kQ The latter is probably best for secondary 
Rs R1 reasons. For example, it reduces (by a fac- 
vs1 10kQ 10kQ tor of 2), the effect of minor variations in 


ia К; 1 апа К, 2» 


For the case in which Rs2 is 8 КО, there аге two 
basic approaches: a) "Pad out" Аз, i.e., add an 
additional 2kQ resistor in series with Ку, and Кз, 
or, b) change R4 to 180kQ to compensate. (Mak- 


Rs2 R3 


vs2 10kQ 10КО 


R3 R4 
: ЭР : . Tl =— Vv, — + wv ———_ |I + — 
2.34 Using superposition, Ug consists of 3 parts. Thus "vg IR 2 R з+ Ка | R 


Кз 
9 "an 
? Ку+ Ка 
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2.35 


2.36 


2.37 


SOLUTIONS: Chapter #2—14 


К, мг 

+ — 1 + — 
К, Ri Ry К, (Ry+R2) 
R, 


Vo = -V); — +V ЗЭ = А) А ————— 0\0) 
g ! Ri : : R, 'R, °R, (RiR) >” 
шиг л | 
2 | | 


К, 
whence Vg = R. (0; — vj) + 03. Note that the operation is the same, but with the output established 
1 


by v; for (0; — vj) = 0. This is an interesting and important result! 


Check first that it is a balanced difference amplifier for v; and v2: see that Ry, ll R4, = 300kQ 
1 150kQ = 300/3 = 100 КО = R;, (OK). 


T 100 100 1 150 
Е = == V: 8 А — r————— + €—^——————— — : 
(а) or 0|:172:5 See (by superposition), v4 = 5 100 + 100 15 300 + 100 Il 150 +0, or 


Эд = 5 (12) + 15 (60360) = 2.5 + 156 = 2.5 + 2.5 = 5V. Now, since 04 = 5V, and v, = 5V, 
current in R; = 0, and vg = 5V. 


100 11 150 6 15 
(b For v; = 2) = OV, ^4 = 15 300 + 100 Il 150 = 15 Нь ийг 2.5У, о Vo = 2.5 (2) = SV. 


(c) For v = 3V, v2 = —2V, see 04 =—2 | + 15 B = —] + 2.5 = 1.5V. Thus vg = 1.5V, and 


VD, — Ug 
p cS — V; + Ug = 2 (1.5) -3 = OV. 
і 
Alternatively, to use the extended result from P2.34 above, realize that R4, with R44, and the con- 


; : | _ 150 = 
nected supplies have а Thevenin equivalent of 03 = 150 + 300 х 15 = 5У, and 150k Il 300k 


100kQ. Thus, since Ё = А) = Кз = R4, Vo = V2 — Vj + v3. Therefore the output is the conven- 
tional difference plus the extra (reference) input. Thus (a) ug = SV, (b) vg = SV, (c) 
Ug = —2 —3 +5 = OV. 


For an overall gain of 100 V/V, with 10 V/V from the input stage, and 10 V/V from the output stage, see 
that 1 + 2RZR, = 10, and RR, = 10. For К = 10kQ, К) = (10 — 1) К\/2 = 45kQ, and for Ёз = 10kQ, 


Ка = 100kQ. Now, for v; = 5.0V, ù = 49V, voi = 5.0 + 2752 (45kQ) = 5.45 V, and 
5.0 — 4.9 


Vor = 49 — rg - (4560) = 445 V. Check voi — 002 = 545 — 4.45 = 1.00V = 10 (0.1), as 


expected! 


See that Dy = (1 + RYR,)vyx and that the current into X 15 iy = (Vx — Vy YR3. 
Ux 


———————,‚ or Ra = Ку1-1- RIR) = - КҮКҮК», as required. 
[x - (1+ К Оху" “ | | : 


Thus Rj, = vy/iy = 


See, from the diagram that R; = R4 + Rin = R4 — R;RA4R;. 


Also, usin voltage-divider ratio шы Rin энэ ог Vy/ 
‚п а - , — = — = ————— == ———————————, 
: j ow — Ra Ry Ка RRR) * W 1- (RAR RAR) 


and vUy/üy = (1 + RZR)(oy/oy) = For Кү= R5, these become: R; = Ка -— Кз, 


1 — (КК (ККУ) 


- 170 - 


SOLUTIONS: Chapter #2—15 


vxw = МІ — RYR3) and vyw = 2(1 ККЗ) 
a) For Ra = 2R3, К; = 2R3 - Кз = Rs, uy/ów = КІ 22 = — IV and ору = — 2VWV. 
b For R4g= К, Ri = Ка — R3 = OQ Dyw = Ul ~ КҮК») = œ, апа оруду = оо, also. 
c) For = Ку2, Ri = – R4- R3= - Ry2, Uyw = М1- ККЗ) = U1 - 10) = 2 V/V, and vyvy = 4 
V/V. 
For Dyw = 10 V/V, 10 = 21 —RYR3). Thus (1 — RZ/R3) = 27/10 = 02, апа 
R4R4 = 0.8, whence R4 = 0.8R3. 


2.38 Use the results from P2.37 above: Input resistance at X to the right is ( — R), and to the left is R. 
Overall, at X, the resistance is R ll(—R)= Esa = o! Now the short circuit current at X to 
ground, with v; applied is o/R (from W) and 0 from Y for a total of o/R. Thus the Norton equivalent 
at X is a current source Iy = VYR with a shunt resistance Ry = оо. For an impedance Z connected at X, 
the current flowing will be v/R and the voltage will be v;Z/R. In general, the transmission vy/oy = 
ZIR and vyw = 2Z/R. For a capacitor for which Z = ИС), vy/ow = ISCR. For this non-inverting 
integrator, the time constant is RC. The unity-gain frequency is @„ = MARC) 


2.39 The common-mode input (at 60Hz) is 8 V peak, and the output is 0.6 V peak. The difference-mode 
input (at 1 kHz) 15 141 = 2 mV peak, and the output is 60 mV peak. Thus, the common-mode gain 
0.6V/8V = 0.075 V/V, and difference-mode gain = 60mV/2mV = 30 V/V. Thus the CMRR = 30/.075 
400 = 201ор 400 = 52 dB. 1 


H H 


240 CMRR = 101920 = 10°, For a difference-mode output of 2 Vpp, the required common-mode signal out- 


200V/V 10° E | 
put = 1100 x 2 2 20 mVpp. Thus ZomVAXL ^ = 10°, and v, = zog *20*10 3 = 10 Vpp. 


SECTION 2.7: EFFECT OF FINITE OPEN-LOOPS GAIN AND BANDWIDTH 
ON CIRCUIT PERFORMANCE 


2.41 At and above the cutoff frequency Ѓзв, A X f = f, = 107. Thus зв = fA, = 107/106 = 10Hz. At f 
= 100 KHz, the available gain, А = ada 10710? = 100V/V. 


2.42 Closed-loop gain of 20 dB саг to a gain ratio of 102020 = 10 V/V. In general, 
fap =f Ai + RR). For a gain of -10 V/V, RZR, = 10, and f 445 = 10741 + 10) = 0.909 MHz. Fora 
gain of +10 V/V, 1+ КУК = 10, КУК, = 9, and f agp = 101 + 9) = 1.00 MHz. The phase shift at 
the 3 dB frequency is 45°, and 6° at 1/10 the 3 dB frequency. Thus 6° shift is reached at 90.9 kHz for 
the inverting amplifier, and at 100 kHz for the non-inverting, and is less than 6° for all lower frequencies. 


2.43 Amplifiers have A, — 10° V/V and f, = 10’ Hz: For maximum bandwidth, use the noninverting form 
with gain (1 + RZRj). For a single amplifier, with /зав = 10 kHz: 10* = 107(1-- Ау |). Thus 
1 + R/R, = 10710* = 10°, and the available gain is 107 V/V. For 2 amplifiers in cascade, each with a 
Зав frequency at fj, /зав = (v2 - 197 f, = 0.644] |. Now, for /зав = 10КН2, fı = 10КН/2/.644 = 
+ | 2-9 э ОУ did: fon 
| К, 15.54 x 10? 
stages in cascade, a gain of (643.6)? = 4.14 x 10? V/V. 


15.54 kHz, with corresponding gain per stage of 


2.44 Gain with feedback at low frequencies is likely to be: — АВ | = -100 V/V. Assumc | Ао | >> 100: Now, 
for a 3dB frequency f; < 120 kHz, 100 f, = 120(25), and f; = =. (25) = 30 kHz. For the closed- 
loop amplifier, the unity-gain frequency (where КУК = 1) is 12005), ME = 3 MHz. But the unity-gain 
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frequency of thc каше а 15 ü T RY’ which is В for = 1. Thus /,2 = 3 MHz, 
and for the op amp itself, f, = 6 MHz. 
245 f, = 100 MHz A, = 20 V/V: Now, for => = 22 10 V/V, 

E i Жа pO HP SL C Y Ч Буд 
К, 10 Ry 1 1 R5 1 R3 К, 
--5108---114---15104-4Фсос-, —— = 105, d -- = 
Ri 20 R, 2 2R? 2R, шиг fis. CHECK 
Vo -21 fi 100 x 10° 

= ————— = 10 V/V, OK. С dingly, = ——— = ————— = 4,55 МН 

w 1+ (2220) orrespondingly, / зав = T7 RR, = 1621 : 


SECTION 2.8: LARGE-SIGNAL OPERATION OF OP AMPS 


2.46 The largest possible peak output with zero average is 8 V. The corresponding input has a peak-to-peak 
value of 2(8)/10 = 1.6 V. 


2.47 А 6-V pp triangle wave at f Hz moves 6 V in 1/2 x 1/7 seconds with a slope of 6/(1/2f) = 12f V/s. 
Now, if this just matches the slew rate: 12f V/s = 10V/us, and f = 10/12 x 10° Hz = 0.833 MHz. 


2.48 The slew-rate-limited bandwidth of an amplifier with a sinewave peak output V, is fr = ly Now 
fr=fp, when V,=SR(27f,). Now, for SR = 2 Vis, cand fp = 0.5 x 10°, 


V, =2 х 1042 п x 0.5 x 10°) = 0.64 V peak. 


SECTION 2.9: DC IMPERFECTIONS 
2.49 Nominal 4V peak swing is reduced by less than 4V/100 = 40mV. Since gain = —100 V/V, КУК, = 100 
and the gain for the offset voltage is 1 + АУК = 101. Thus, the required offset < 101 = 0.40 mV. 


2.50 Ау = -100; Rin = 100 kQ = R; > К) = 10 MQ. 


a) For no compensation: Ug = (1 + 100) (ImV + 30 x 1079 x 100k Il 10M) = 101 (1 mV + 3 mV) = 404 
mV = 0.40 V. 

b) For compensation, using Ёз = R; 1 R2 = 100 kQ, only the offset current and offset voltage apply. Thus 
Vo = (101) (ImV + 3 x 10? x 100 k) = 131.3 mV = 0.13 V. For case (a), bias current dominates; For 
case (b), offset voltage dominates. For each dominant effect halved, the output offset becomes: (a) 101 
(1 + 3/2) = 0.25 V; (b) 101 (1/2 + 0.3) = 0.08 V. 


2.51 
Note that the offset gain = 1V/V: 


vi C 100kQ 10 MQ (a) For no compensation, ug = 1 х 10? + 
30 x 10? x 10 x 10° 2 301 mV = 0.3 V. 

(b) For compensation with R4 = 10 МО from the 
negative input to ground, ug = 1 mV + 
3x10?x 10 x 10° = 31 mV = 0.03 V. Thus, use 
= | 10 MQ to compensate. | 
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2.52 


2.53 
a) 


b) 


2.54 


SOLUTIONS: Chapter 92-17 


For no offset compensation, 
Vo = 101 [2x10 ?«(R 1 (100 R)) 1.1 x 10%] < 


HIA 100R 05V. Thus 2x 10:2 + L1 x 10%R < 495 x 107, 
vo and R = -- = 2.68 КО, 
1.1 x 10 
For compensation, with R3=R, 
Б/ 100R = R Vo = 101 [2x10? + R (2 Xr x 10$] x 0.5У. 
-3 
= Thus R = 22234100 214750, (use 15 КО). 
0.2 х 107 


For this design, R;, = 14.75КО = 15 КО. 


Positive limiting is caused by current flowing out of the capacitor at the op amp negative-input node. 
Contributions include: bias current of 100 nA, offset current (worst case polarity) of 10 nA, current from 
the input resistor when the offset voltage is + 2mV is 2mVAOkKQ=200nA. Total current is 
100 + 10+ 200 = 310nA. The ouput voltage will reach positive saturation іп 
T = СУЛ =0.1 x 10 (10)(310 x 10°) = 3.22s. 

For negative limiting, current must flow into the input end of the capacitor. Maximum current from input 
resistor (with offset — 2mV) is 200 nA. Maximum offset current is 10 nA. Minimum bias current is — 
100 nA (flowing into the top amp). Thus the total current is 200 + 10 — 100 = 1107A for which nega- 
tive saturation occurs in T = 0.1 x 10 (10/110 х 10? = 9.095. 


For Compensation: Make R, = Кү = 10kQ, in which case the bias current flows through R, (and R,) to 
produce voltages at each input which are equal and cancel. Adjusting R, with R, provides an additional 
+ 2mV on the positive op-amp input to cancel the voltage offset, which though unknown may be rela- 
tively 'stable (certainly if the temperature is fixed). Even the offset current can be compensated on the 
short term. Typically a factor of 10x improvement is possible (at least) with saturation time increased to 
perhaps one minute. Because К, = R1, doubling the bias current does not matter much. (Again cancella- 
tion is usually good to within a 10% difference error.) — 


For compensated positive saturation, the choice of R, = 10kQ compensates bias current, while the 


10K X2 

—————————— X = 

kQ + томо (Vc =2m¥ or 
1/1001 Vc = 21000 and Үс = 2V. Note that the offset current flowing in 10 kQ produces a voltage of 


10 x 10? x 10 x 10° = 0.1 mV. For this included, Vc = (2.0 + 0.1)10011000 = 2.1V 


current from R, compensates for the offset voltage. Here, uc = 


The nominal closed-loop gain is G = 1 + АК = 1 + 10%10¢ = 101 V/V. The bias current flowing in 


10k Q¢ ll 10M Q) is responsible for an offset of M = 11.88 mV. Thus the bias current is 
-3 
MT = 1.19НА. The input offset voltage is 0.6/101 = 5.94 mV. Note that a fraction of the 5.94 
x 
mV voltage offset is due to the offset current flow in 10 kQ. Now, with all resistors reduced by a factor 
of 10, the change in input offset voltage 15 a: = 1.98 mV, due to the difference between loffset 


flowing in 10 КО and in 1 kQ. That is, loff (10k — 1k) = 1.98. Тууы = 1.98960 = 0.22 uA . Now the 
original offset voltage 5.94 mV at the input includes the Vos +1 X 10kQ, ог 
Vos = 5.94mV — 220 x 10? x 10* = 3.74 mV. 

To summarize, for the basic amplifier, Vos = 3.74 mV, Ї, = 1.19 WA, уе = 0.22 pA. 

Now if the 10 kQ resistor at the negative input is capacitor-coupled, the offset voltage is multiplied only 
by 1, but the bias and offset currents flow in 1 MQ. If they add, the output offset becomes 
1M Q(1.19 + 0.22) х 10% = 1.41V!. Two possible compensations are possible: 
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c) 
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If the resistances R; and R, are reduced by a factor of 10, the output offset reduces to 0.14V. 


If a resistor R5 = IMQ is connected from the positive op-amp input terminal to the actual input, 
which is grounded, bias currents are compensated, and Ше output offset becomes 
1M Q(0.22 x 1079) = 0.22V. 


If both techniques are used (ie using a 1 kQ resistor and two 100 kQ resistors), the offset due to 
offset current reduces to about 22 mV. With the voltage offset remaining, about 22 + 3.74 = 25.7 
mV would be found at the output. 


sita: 


Chapter 3 


DIODES 


SECTION 3.1: THE IDEAL DIODE 


3.1 


3.2 


Diodes are ideal: Thus the forward voltage drop is OV and reverse current is 0 mA: 


(a) 
(b) 
(c) 


(d) 
(e) 


(f) 


(a) 


(b) 


(c) 


(d) 


Diode is polarized to conduct by the +5V and OV connections: Thus V, = OV, and J, = (5—0)/1kQ 
= 5mA. 


As in (a), but the most negative supply is -5V. Thus V, = —540 = -5V, and J, = (+5 – 0 ~ 
(-5)y1kQ = 10mA. 

Diodes both conduct: Thus V, = 710 + 0 + 0 = —10V, and /, = (0 —0 —0 —(—10))/1kQ = 10mA. 
Both diodes are polarized to conduct. Thus Vy = +5 —0 = 5V, and J, = (+5 —0—0—0)/1КО = 5шА. 


Upper diode is polarized to conduct, but lower to cut off. Thus current J, = OmA, and V, = 5V — 
ОУ = 5V (with the upper diode conducting the meter current). 


Upper diode polarized to cut off, and lower to conduct. Thus current, /, = OmA, and V, = —5V -0 
— 0 = -5V (with the lower diode conducting the meter current (assumed very small) through 1kQ). 


= 


1) VA = *5V; upper diode conducts; Vy = +5У. 

ii) The output is high if either input is high. For high (45V) defined as logic '1', the output is 
І, КА = 10гВ = 1; іе, Y =A + B. Thus, the function is logic OR (in positive logic). 

ili) For high (45V) defined as logic ’0’, the output is high (logic 707) if either A or B is high 


-— 


(logic '0). That is Y -A +B, or Y=Y =A +В =A * В = АВ (for simplicity. Thus 
the function is a logic AND in negative logic. The AND idea can be verified by noting that 
the output is low (logic ’1’) only if A and B are both low. 


i) Vp, Үс and Vp are all OV. Vy follows the highest input. Thus Vy = OV. | 
ii) Y =A +B +С, an OR (in positive logic). 
ii) Y =A • Be C = АВС, an AND (in negative logic). 


i) See that the output follows the lower of A or E (just as the output followed the upper of A 
ог В іп (а)). That is, V4 = Ve = 5V э Vy = SV. 

ii) From above, Y =A +B, ie Y= Y=A +B =A * В = АВ That is, the function is AND 
or, directly, Y = A • B = AB (since both inputs must be high for the output to be high). 


iii) Directly, from logic first principles, or in analogy to the circuit in (a), Y =A +B (in nega- 
tive logic). That is, the function is an OR. 


i) VA 25V, Vg = 0V — Vy = OV. 
ii) | AND (positive logic). 
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iii) OR (negative logic). 


(е) 


1) Va = Vg = 5V, Ус = OV > Уу = OV. 
li) AND; Y =A Е • С = АЕС. 
ш) OR; Ү=А +Е +С. 


. Use positive logic, that 15,717 = 5V, ’0’ = OV. 


For Ds open, Р =A • E = АЕ. 

For Dg open, Q =B • С = ВС. 

Now, note that the current available from node P or О (100uA) exceeds that drawn from node Y: Thus 
if P or Q goes high, Y is also pulled high. Thus Y = P +Q +D and, Y = AE + BC + D (in positive 
logic). 

Now, for Va = Vg = 5V; Vg = Ve = Vp = ОУ; that is A = Е =’? and B =C =D =0', for which Y 
=[*1+0*0+0=1. Thus the output is logic 71’, or 5V (for ideal diodes) 


12V rms = 12(1.414) = 16.97V peak 
For а 12V battery and an ideal diode, the peak diode current is (16.97 —12)/(10 + 50) = 82.8mA 


The diode begins to conduct (and ceases to conduct) when 16.97 sinwt = 12V ог sin@t = 12/16.97 = 
0.707 or œt = 7/4 = 45°. 

1 | Зп 
2m Эд 
(16.97 sin Ө - 12) 40)/60 = . 


| 1697-22-12 
2n 60 60 Ji 


wt 
| = 222 9:282 (0707 + 0.707) 


-0.2 ever = (.0635 — .0500) 


А = 13.5mA. Now for Үд = 14V: 
Peak current = (16.97 — 14)/60 = 
0.0495A or 49.5mA. Conduction 
begins when 16.97 sinwt = 14, or 
singt = 14/16.97 = 0.825, or wt = 


Average value of ip = 


ot 


55.6'. 
1 16.97 14 шин 282 
"NEC E ERES AA МЕЕ. е8 = =- —— (— - — 0.233 
Average current 9. G0 cos O 60 Ө 2 F (—.565 —.565) 
124.4 — 55.6 
3x0 2 
шилж cC ur 0.0507 — 0.0445 = 0.0062A or 6.2mA. 
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Consider the conducting state of 
each of the diodes: Assume Dı 
conducts; thus its cathode is at OV. 
Correspondingly, the current in the 
1kQ resistor, Zig = (0 — — 8/Ik = 
8mA. Assume D, conducts; thus 
its cathode is at OV, and Гк = (8 — 
0y2k = 4mA. 


Now, since Гк > Ig, then D, and 
D^, both conduct as assumed. 
Now, noting that succeeding resis- 
tors аге progressively larger, 
assume that both Оз and D, also 
conduct, and that their anode and 
cathode voltages 


are all zero volts. Thus, /ак = (0 — — 8)/4k = 2mA, and /зк = (8 — 0)/8k = ImA. 


Thus, overall: Ip4 = [к = ImA; Ірз = lax um Ip4 = 2—1 = ImA; Ip2 = lox — Ірз = 4— 1 = 3mA; 
Ip, = к — 1р2 = 8 — 3 = 5mA; Thus diodes аге all conducting, and V, = OV. 


SECTION 3.2: TERMINAL CHARACTERISTICS OF JUNCTION DIODES 


3.6 


3.7 


3.8 


3.9 


3.10 


Given: V, = 0.700V @ J, = 100ДА, and V; = 0.815V 0 1, = ША. 
Now dp fue us m nVs Ini; &nVg di ip Ve In fs. 
Эрг- Up2 = nVr (In ip yp). 
Here, 0.700 — 0.815 = п Vr In 0.1/1 = 0.025n (— 2.3026). 
n = 0.115/(025(2.303)) = 1.997 ог 2.00. 


Now Is = ip e "^" = 100 x 10% е7709@05) = 10% e-14 = 8.32 x 107A. 


ilg e" and vı- = nV In iyi; — — — (1). 


Thus, 0 =V, + nVr In iyi; = 700 + 1(25) In 1/0.1 = 700 + 25 In 10 = 757.6mV, ог 0.758V. 


Now from (1), й = е "7 20,1 e8!5~ 700105 -= 9.95mA. 


i = Iş е” ә v = пур In is, or © = 0, + nVr In i/i. 
At 10mA, v = 700 + 2(25) In (10 x 107710) = 355mV, or 0.355V. 
At 10A, v = 700 + 2(25) In (10 x 107510) = 9.2mV. 


At 100A and 25°C, v = v, + пуу In i/i, = 700 + 2(25) In 0.11 = 585mV. 


At 100рА and 95°С, v = 585 + 2.0 (25 — 95) = 445mV, ог 0.445У. 


The leakage doubles for each 10'C rise in temperature. 


Now at 95°C, it is 205 - 25410 = 27 = 128 times its value at 25°C, or 128nA, or 0.128рА. 
Now at 100°C, it is 2100—2510 = 275 = 181 times its 25°C value, or 181nA. 
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Note that it is 20100 - 959 = 205, or 1.41 times as large as at 95°C, ie 1.41 х 128 = 181nA, as already 
noted. 


SECTION 3.3: PHYSICAL OPERATION OF DIODES 


3.11 


3.12 


3.13 


3.14 


3.15 


Acceptor concentration is Na = 10". Thus the hole concentration is р,о = 107”, while the electron con- 
centration is npo = 107", n >> m. More precisely, in 10" atoms, one is ionized at a particular tempera- 
ture to produce one hole and one electron. As well, the number of acceptor - produced holes is 
10" x 10", Thus the total number of holes is 1+ 10" х 10" in 10" atoms, where 
110^ x 107" 


TT =10™, while про = 107" directly. 


Ppo 


From Eq. 3.6, n; = Bre асч, where for silicon, В = 5.4 х 107, Ес = 1.12eV, k = 8.62 x 1077, 

At 200 K, п2 = 5.4 x 10?! x 200? !-12/8:62 x 10" x 200)... 2 039 х 100, 

and n; = 1.62 х 10° carriers/ cm’. 

At 300 K. n? = 5.4 x 103! x 3003e—1.12(8.62 х 10? x 300) = 2.2616 x 1079, 

and n; = 1.50xbold (10 sup 10}carriers/old (cm sup 3).4РАг400К ,n sub i sup 2 “=" 5.4 “times” 10 
sup 31 “times” 400 sup 3 e (-1.12/(8.62 “times” 10 sup -5 “times” 400)) “=" 2.706 “times” 10 sup 
25..IP andn sub i ~=" 5.20 х 1072 carriers/ cm’. 


12 _ 10 
22218 21354): T - S 10 x = 346 x 10%%! 


52 x 10? 


5 x 1022 
(US) billion! Note that the reference on page 139 of the Text is to British billion. 


For the 100 *C rise above room temperature, the increase is 


At this temperature (127 °С), the fraction of ionized atoms is = 10:10, or one in every 10 


From Eq. 3.10C, resistivity is p = Nq (P Hp + np, )JQcm. 

(a) For intrinsic silicon at room temperature: n =p =n; = 1.5 х 10'9cm?. 
Thus р = {1.6 x 107!9(1.5 x 10!°)(1350 + 480)] or p = 2.28 x 10°Qem 

(b) For n-type silicon with Np = 10!$cm?: nao = 10/6, and рь = njNp = (1.5 х 1019240!6, or 
Pno = 2.25 х 10%. 

Thus (including mobility reduction): 

p = {1.6 x 10719(2.25 x 10* x 08 x 480 + 10' х 0.8 x 1350)] or p = 1.73 Ост. 


As noted in the solution to P3.12 above, for a 100 °C rise n; will increase by a factor of 3.46 х 10*. 
Thus for the intrinsic material p will decrease to 2.28 x 1053.46 x 10^ = 6.59Осш, while for the doped 
material, it will stay the same, at 1.73Qcm 


The depletion region will be larger in the lighter-doped p region. In fact, it will be 10 x larger there 
than in the л region. 
Eq. 3.18 in the Text states that the built-in voltage is Vo = Vrln[NA №}, where n; = 1.5 х 10'!%m? 
for intrinsic silicon at room temperature. Here 700 = 25in[N4 NpA1.5 х 10192. 


Thus № Np = (1.5 x 10102270025 = 3.254 х 10°%m® — — — (1) 


(a For Equal Doping: 
N,Np = № = 3.254 х 10°, whence N = 1.804 x 10'%m? = 1.80 x 10^7m^. 
From Eq. 3.20 in the Text, И, = x, + Xp = 2х = [EM YXVNp + VNA )Vol^ – – – (2) 


where (from Table 3.1 оп page 157 of the Text), q = 1.60 х 107'9С, and 
є, = 11e, = 11(8.85 x 10715 F/m = 9.74 x 10 P F/cm = 9.74 x 107"Е/т. 
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Thus Wa, = [209.74 x 107 ?y(1.60 x 1072)(2/.804 x 10!6)0,7] = 3.07 x 10cm = 0.3071m. 


The distance depletion extends into each region is W2 = 154 nm. From the preamble to Eq. 3.21, 
the uncovered charge on each side is 


4) = qNpx, = 1.6 х 1079 x 1.80 x 10? x 154 x 10? x 30 x 10% x 50 x 106 = 0.665 pC. 
(b) For 10-to-1 doping: | 

From (1), № № = 3.254 x 10°%m®, and 

for № = 10М,, say, see 10N4 = 3.254 х 107, where №, = 5.70 x 10!Jem? = 5.70 x 10?/m?, and 

№ = 5.70 x 10'%т? = 5.70 х 1024%n3. | 


From (2, Мар = [2(9.74 x 10713y(1.60 x 107!9)(145.70 х 10'8)(1 + 10)0.7]4.046 x 10cm = 
0.405um. | 


Now Ween = Xn + X, = х, (NA/Np + 1) = x» (0.1 + 1). 

Thus x, = 0.405/.1 = 0.368um 

Xn = х\,10 = 0.037um. 

The charges uncovered on each side arc equal, and of value 

4) = qNpx,A = 1.6 x 10? x 5.70 x 10? х 0.368 x 107 x 30 x 10% x 50 x 10% = 0.504 pC 


3.16 Is - Ip =I 15- Ip = 10 and /p 215 — 10 = 5. Thus the diffusion current is Їр = 5nA. 


3.17 Combining Eq. 3.21 and Eq. 3.22, see 


(a) 


JA 
A!*D qNANp 26, 1 
= А ‚› = + ү + V, , 4 
vC SN ENDO "O Mm N d a [NS UNS ISO o} whence 
VA 
а 2 еа RE A RT ы 
qj-A SER n (Vo + Vg) 


“Бог the (30 x 50)un? junctions in P3.15 above, for which Vo = 0.7V: 


a) Na = № = 1.80 x 1077n?. 
b М =5.70 x 10?um?, Np = 5.70 x 1027. 
For NA = Np: 
4: = 30x 50 x 107242 х 9.74 x 10!! x 1.6 x Эх (1.80 x 10222)(0.7 + Vg )]^ = 7.94 х 10713[0.7 + Ук] 
For Va = 0.0V, q; = 7.94 x 107*(0.7)^ = 6.65 x 1071C or 0.665 pC, as in P3. 15. 
For Vg = 10V, д) = 7.94 х 10:"(0.7 + 10)^ = 2.597 pC. 
For Va = ПУ, ду = 7.94 x 107 (0.7 + 11)^ = 2.716 pC. 
From AQ = CAV, the junction capacitance is C = AQ/AV = (2.716 — 2.59711 — 10) = 119 fF. 


Now, from Eq. 3.26, 
5 


Ni Np 
N4 + Np 


1 
i ---0) 


Cio =A E) 


Thus, Cjo = 30 x 50 x 107?[9.74 х.10“! x (1.6 x 107'%2)(1.6 x 107192)(1.80 x 10272)0.7]^ = 0.475fF. 
At 10.5 V, Cj = Cjl + Vy/Vo]^ = 0.47511 + 10.50.7]^ = 0.4754 = 0. з - 119 fF same as found 
above. 

Now for a graded junction with m = 1/3: 

At Vg = 10.5V, С; = 0.4751 + 10.50.7)" = 189 fF. 
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(5) 


3.18 


3.19 


3.20 


3.21 


3.22 
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At Vg = 100V, С; = 0.47501 + 1000.7) = 90.6 fF 

For № = No/10 = 5.70 x 1021/т) 

q; = А [22,4№ NAN; + №)(Уо + Vg)]^ = 30 x 50 x 107!7[2(9.74 x 107! (1.6 x 1079) x 
5.70 х 10?! х 1011]^(0.7 + V&)^ = 6.028 x 107!3(0.7 + Vg )^. 

For Vg = 0, ду = 6.028 х 107(0.7)^ = 0.5043 pC. 

For Vg = 10V: ду, = 6.028 x 107'(0.7 + 10)^ = 1.9718 рс. 


For Ук = 11У, ду = 6.028 x 107(0.7 = 11)^ = 2.0619 pC. 

Now, the junction capacitance is С = AQ/AV = BE = 90.1 fF. 

Now, from Eq. 3.26 ((1) above), 

Cj, = 30 x 50 x 107?[9.74 х 107! x (1.6 x 107122)(5.7 x 10? (10/11)(10.7)]^ = 0.360рЕ. 


and C; -С,41 + Veo)”. 


Аг Vg = 10.5V, C; = 0.3601 + 10.50.7) = 0.3604 = 0.090 = 90 fF, very much like the earlier esti- 


mate. Now for a graded junction with m = 13. 
At Vg = 10.5V, С; = 0.36041 + 10.50.7) = 0.36016) = 143 fF. 
At Vg = 100V, C; = 0.360(1 + 1000.7) = 68.7 fF 


0.1pC 


TUE O.1pF. That is, the depletion capacitance is 0.1рЕ. - 


О = СУ УС = 
From Eq. 3.27, Cj = Cjo(1 + VeVo)™. 

For Vg = 2V, 1.8 = Cjo(1 + Wo)" 

For Ук = 10V, 0.2 = Cjo(1 + 105)! 6. 

Divide these to get 9 = [(1 + 2501 + 100)! 

Thus 1 + Wo)(1 = 10/Vg) = 979 = 0.253, and 1 + Wo = 0.253 = 2.5YV,, and 

0.53 Ме = 1 — 0.253 = 0.747, whence Vg = 0.530.747 = 0.709V. 

Now, 0.2 = Cjo(1 + 100.706) = 0.2(15.1)$ = Thus Cjo = 15.4 pF. 

For Vg = OV, C; = 15.4(1 + 00.71)! 6 = 15.4 pF, as expected, the same as Cjo, by definition. 


__ Ру _ 50х10 , 
Pp = Vg Ig. Thus, Ір = —— = ————— = 0.42mA. 
D B AR 105, LR V 120 m 


For breakdown only 10% of the time, a peak current of 0.42/0.1 = 4.2mA can be tolerated. 


From Exercise 3.12, in doped silicon, p, = 400cm Vs . 


From Eq. 3.12, Dp = Vru, = 25 x 10? x 400 = 10cm 75. 
From Eq. 3.30, the diffusion length, L, = VDptp where Tp = Ins. 


Thus Lp = ¥10(1)10~ = 0107 ст = 10 5m = ium. For the diffusion profile, the excess hole concentra- 
tion is p,(x) = p,(0)e "7 where a 10% level is reached when 7 = 0.1 or x/L = 2.3. 


Thus the conentration reaches 10% at 2.3L = 2.3um from the depletion-region edge. 
NU EIL 
L,Np | L,NA 
where from Table 3.1 on page 156 q = 1.6 x 107°C, n; = 1.5 x 10!9cm?. 


From Eq. 3.34, 1, = Aqn? 
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3.25 


SOLUTIONS: Chapter #3—7 


Now, from Eq. 3.12, D,Al, = р, = Vr and from Eq. 3.30, L =VD хт 
whence D/L = рур рИгт)“ = (ЬУт%)*. 

Thus Dp/Lp = (400(25 х 10?y10?)^ = 105cm/Vs = 10°m/Vs 

D,/L, = (1100(25 x 1072 x 109)^1.17 x IOS cm/Vs = 1.17 х 10%т/Мх. 


Thus | | 
Is 23x 10% x 5 x 10 x 1.6 x 1077? х (1.5 x 107? x 105?[102(10!5 x 105) + 1.17 х 1010" х 109) 


= 5.4 x 107[107? + 1.17 x 10720] = 6.03 x 107A 
From Eq. 3.34, 


15 = Aqn? where n? = ВТЗе P^ 2 апа 


е ЧИ л 
L,Np | L,NA4 
B = 5.4 x 10", Eg = 1.12eV, К = 8.62 x 10?eV/K. 


We see that the temperature dependence originates in the n;? term. Evaluate this at two temperatures and 
find the coefficient: | 


At 300 K, л = 5.4 x 10?! (300)3e - 1.1248.62 x 10300) — 1 458(1039)5 433 
= 1.458(10)?1.551 x 107? = 2.2616 x 10%. 
At 303K, n? = 5.4 x 1031(303)!e ~ 1.1248.62 х 10303) — | 505(10)392 382 х 10-1? = 3.5782 х 102. 


(3.5782 — 2.2616) x 100 = 19.495*C 


Thus the temperature coefficient is (2.2616)(303 — 300) 


From the solution to P3.22 above, in which (from Eq. 3.33), 
D D 

Еи Е" гж К = |] 

І.М 1 ММ 

the ratio of the hole to electron components 1,/1,, = 1071.17 x 10720 = 8.55 

Of the total, / = 1, + 1, 


[= Aqn? 


I, | 
Л = —“— = ———— = 89.5% (holes), and 1 = ———— = ——— = 10.5% (electrons). 


For a total current of 1 mA flowing in the junction, J, = 895A flows as hole current and I, = 105pA, 
as electron current. | 


Now, in general, the stored charge is Q = ТІ for each current component. 
For holes, Q, = 7,1, 21x 10? x 895 x 10% = 0.895 pC. 
For electrons, О, = 7,1, = 2 х 10? x 105 x 106 = 0.210 pC. 


Total stored charge is О = 0.895 + 0.210 = I.105pC, and the mean transit time 
tr = ОЛ = 1.105 x 10771 x 10? = 1.1 ns. 


Here, from Eq. 3.39, Cy = (tj/Vr)l гт Үг = 1.1 x 10? x 1 х 107(25 x 1073), or Су = 4 pF 


From Eq. 3.39, generalized, Cy = (vj/RVr)]. Thus tp =nVrC,A. Рог this junction, 
tr 2205 х 10?)1 х 10771 x 10? = 50 ps. 


For a junction 10x larger, tr is the same, namely 50 ps, simply because it relates stored charge to current 
level at an essentially-constant junction-voltage. For a larger junction, the current density changes, but 
the total charge does not. 


Total stored charge at 1 mA is Q = tr/ = 50 х 10? x 1 x 107 = 50 ЕС. 
For 10 mA, О о = 10(50) = 500fC = 0.5 рс. 
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SOLUTIONS: Chapter 43-8 


3.26 From Eq. 3.38, q = tri and i = Ige "  ? Thus q тү) e 
Now, Cy = д4/9% = vr IgnVp)e ^. 


Thus Cg = тт Ут), as Eq. 3.39 indicates (J being substituted for i and n added for generality). 


SECTION 3.4: ANALYSIS OF DIODE CIRCUITS 


3.27 
ip 

ца! 
nie 
PTT 
10 с Phe exponential ti _ Straight line B 
M characteristic 1 + Slope = 1 
"КА 2 
АХ ГО 

7 | NN ICE | 


U 02 04 U6K 08 10 mV) 
Vane 

For the Load Lines: | 
(a) Vr = 1У, Rp = 100Q, / = 1/100 = 10mA. 
(b Vr = 09V, Rr = 1000, Ir = 0.9/100 = 9mA. 
(c) Vr = 09V, Rr = 900, Ir = 0.9/90 = 10mA. 

From the Graph: 
(a) Vp = 0.75У, Ip = 2.5mA. 

Check: Ip = 10 — Vp/0.1 = 10 -10Vp = 10 — 10 (.75) = 2.5 mA. 
(b) Vp = 0.73V, Ip = 1.7mA. 

Check: Ip = 9 – Vp/0.1 = 9 – 10У, or Ip = 9 — 10 (73) = 1.7 mA. ^ 
(c) Vp = 0.74У, Ip = 1.8mA 

Check: Ip = 10 — Vp/.09 = 10 — 11.11 Vp = 10 — 11.11 (.74) = 1.77 mA. 


3.28 Though the diode is “like the one sketched in Fig. 3.20", use its analytical description to provide a com- 
parison with the results in P3.27a) above. 


For the diode: % = 0.7 + O.1logi/l. 

For the circuit: і, Vpp = 1.00У = (1000) i + 0.7V + 0.1 log i/1, 
or i = 0.3V/0.1k — (0.1/0.1) log i, or i = 3 — log i, in mA. 

Solve iteratively: Initially with i = 1: 

(:1-1:3-108 1 = 3 -0 = 3mA, 

i =3 — i = 3 – log 3 = 3 — .48 = 2.52mA, 
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SOLUTIONS: Chapter #3—9 


i = 2.52 — i = 3 – log 2.52 = 2.60mA, whence 
i = 2.60 — i х 30 — log2.60 = 2.59mA , whence 
Ip = 2.59mA, and Vp = 0.7 + 0.1 log 2.59 = 0.741V. 


For the diode, o — Vp, + rp; Here, Vpp = 1.00 = (1000) i + 0.65V + (200) i, 


or for i in mA, Íp =i = ОО gp. = 2.92mA, and Vp = 0.65 + 2.92 (.02) = 0.708V. 


For Уро = 0.70V, and rp = 100, 1.00 = 0.1; + 0.70 + 0.01i , and 
1.00 — 0.70 0.30 


І =iz= 017001 = Dll = 2.73mA, with Vp = 0.70 + 2.73 (0.01) = 0.727V. 

For Vpg = 0.75V and rp =00,Ip =i = Au = 2.50mA, with Vp = 0.750V. 

xr n | (a For Vr = 0.8V and Rr = 1000, Ip = 0.8/100 = 
' 8mA. From the Figure, see Vp = 0.7V, Ip = 1mA. 


Check: Ip = 8 - Vp/0.12 8 - 10V; = 8 — 10 (0.7) 


211111) i ed 


The exponenual . 


Straight line B 


10 3 Е | 

о ыыы: Sepe = + (b) Ip = ат = 1.25шА, and Vp = 0.65 + 0.22 
: | (1.25) = 0.675V. 

ч () Ip = шаша = 0.91mA, and Vp = 0.70 + 0.01 
3 (0.91) = 0.701V. 

1 0.8 — 0.75 

» | Straight tine A LN (d Ip= = 0.50mA, and Vp = 0.750У. 


о 02 UA 0.6% 08 1.0 ир (V) 


Check: Overall, using the logarithmic model, the supply voltage is 9 = 0.1([p) + 0.7 + O.1log(Ip/1) 
which for Ip = ІтА, = 0.1(1) + 0.7 + O.1log(1) = 0.1 + 0.7 + 0 = 0.8, as proviced, OK. 


Drop across each diode = 4.0/5 = 0.8V. Thus 0.8V = 0.7V + 0.1 log (dp/1mA), or log Ip = (0.8 — 
0.7)/0.1 = 1, whence Ip = 1058 > = 10! = 10, or / = 10mA (as can be seen directly). Now R = (10 — 
4.0)/10mA = 0.6КО, or 6000. 


For R = 5000 used in P3.32 above, with each diode having а drop of v volts: 
10 – 5v 
0.5 
Solve iteratively: 

0 = 0.8У ә і = 20 – 8 = 12, v = 0.7 + 0.1 log 12 = 0.7 + 0.1079 = 0.8079V; 

v = 0.8079У — i = 20 — 8.079 = 11.92, v = 0.7 + 0.1 log 11.92 = 0.7 + 0.1076 = 0.8076V; 

v = 0.8076V — i = 20 — 8.076 = 11.92 mA, v = 0.7 + 0.1 log 11.92 = 0.7 + 0.1076 = 0.8076У. 
Thus the diode-string voltage becomes 5(0.8076) = 4.038V, ог 4.04У. 


See,i = = 20 – 10v, also v = 0.7 + 0.1 log i/1. 
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3.34 After shunting, threc identical diodes in parallel share the current equally. 


Original current is i = (1) 1008 - 9/091 „ 


= 10mA (as can be seen directly). 


SOLUTIONS: Chapter 93-10 


Final current in cach diode = 10/3 = 3.33mA. Final voltage drop = 0.7 + 0.1 log 3.33/1 = 0.752V. 


SECTION 3.5: THE SMALL-SIGNAL MODEL AND ITS APPLICATION 


| 2(25mV) 2(25) 
3.35 I l, r = путь. At 0. ro = r= = 59). 
n general, r = nVji/Ip. At O.ImA, r 0123 5000. At 10mA, r T 50 
Now the "average" resistance would more likely be considered at (0.1 x 10)^ = 1mA, than at (0.1 + 10y2 
= 5.05mA. Thus the geometric mean is likely to be most relevant, and therefore "best". But, let us 
check: 
See (ғу + r3/2 = (500 + 5)2 = 252.50, and (rı r)“ -31500Х5 = 50Q. Now, at ImA, 
= "d = 50€, and at 5.05mA, г = 5 05mA = 9.90. Note the correspondence of the value at тА 
with the geometric mean, as expected. Note that the arithmetic-mean results appear to be less easily 
interpreted. 
nv 
336 At 2mA: r = — = = I. = 25 Q. With a second identical diode shunting the first, the current is 
D 
shared equally: ImA in each. At 1mA: r = 203) = 50 Q, and for two in parallel, re, = 50150 = 25 
О. This demonstrates that diode incremental resistance is independent of diode junction size. 
| . nVr Uo r 
3.37 For small vs, use the small-signal slope resistance, r. In general, r = —— and --- . 
1 Us r + Rs 
2(25) 5 " 
For / = 10mA: r = = 50); VWs = —————— = 0.00498V/V = 0.005V/V. 
10 + 1000 
2 1тА: г = 27) = оо: 50 Р ” 
For I = 1тА: r = = 500; 50 3 1000 ^ 0.0476V/V = 0.05V/V. 
- ‚„= 205) . WE, NER " 
For 1 -0.1тА: r 17 Ни 50022; 500+ 1000 ^ 0.333V/V = 0.33V/V. 
ы p = 205) _ ТУР... ES = 
For 1 = 0.01mA: r = or m 500022; S000 4 1000 ^ 0.833V/V = 0.83V/V. 
3.38 For Vg = vs = 0, see that /, апа 15 both split equally between D,, D2 and D3, D4 respectively. Thus 


all diode currents are equal. 

In general, for Vs # О (say +£), the currents in Dj, Р» redistribute with their sum = /,. Extra current in 
D needed to drive К, high implies that there is less current in D4 than in the balanced case, the extra 
part of /5 flowing in Юз. In general, current needed by Кү for Vg + 0 is provided half by that in D; 
increasing and half by that in D4 decreasing, with corresponding changes in D, and D3, such that load 
current originates ultimately in Us, as Kirchoff's current law would require. 


For small vs (around zero volts), with all diode currents equal to i/2, 


Rr= |r АГ | жт] = оо ee р, 
Mp diis N 1A 1212 1 Ї I 
100mV | 20010800 
For I = 10mA, Ат = үл = 100, and with R; = 10КО, vo/os = ar = 0:999VIV. 
| 100mV 10k 
= = = T ae шш 0.0 09V/V. 
For I = 1pA, Rr 100КО, and vers = -r IO 9 
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SOLUTIONS: Chapter #3—11 


Concerning Linearity. Signal size (for Ry = 10kQ) is of little concern at І тА, since the load current is 
likely to be a small part of /. But, at low /, the load current may cause the diode current to vary over a 


wide range. Operation is linear for diode-voltage variation of #10тУ or so: Note that the corresponding 


current variation is Ai, where 10 = 2(25) In oe or In E = E = .20, or АИ = 1.2, corresponding to 


a variation of about 20%. Now for a positive output signal, ip? can increase by 20% of its normal 
current //2, while ip4 decreases by the same amount, the output current being the sum of the two 
changes. Thus for Ry, = 10kQ and 1 = ІрА, vg is limited to 2 x 0.20 JRA х 10kQ = 2mV peak, in 
2mV 
0909 
An Alternative View: The largest (positive) output occurs when the drop in D increases by 10mV, and 


that in D, decreases by 10mV. Thus, at the limit, 05 — ug = 2(10) = 20mV. But for IA and a 10КО 
load, Vos = 0.09, or Vg = 0.09 Vs. Thus, the limit is at ug —.09 v, = 20mV, or Vs = 22mV. 


which case Us is restricted to = 22mV peak. 


_ nV. 
s = 10mA. For each of 5 diodes, r = l = 22) = 50; Resistance of 


the total diode string = 5(5) = 250. For +10% supply variation, expect an output variation of 
х (0.1 х 10) = + 40шУ, equivalent to + T x 100 = +1%. For a 2mA load increase, 


For the regulator, Їр = 


25 + 600 | 
the diode current reduces from 10mA to 8mA (by a small amount) and the output drops by 5(5Q) (2mA) 


= 50mV, or = х 100 = —1.25%. For both effects, assuming approximately linear operation, the com- 
bined drop would be [-40mV —-50mV] = -90mV ог —2.25%. The lowest output voltage would be 4.00 
- 09 = 3.91V. | 
From First Principles: (for a 0.1V/decade current change (which is not n = 2 precisely!)), Vs = 90% of 
00, : 
= i + 2, whence i = 13 — 833 v — — — (1), 


10 = 9V. For diode current i and voltage v, see 
and v = 0.7 + 0.1 log il1l—-—-—(2) Thus v=0.7 + 0.1 log (13 — 8.33 v). 


Iterate: with v = 0.8 — .09/5 = .782 initially. Thus v = 0.7 + 0.1 log (13 — 8.33 (.782)) = 0.7812V, and 
v = 0.7 + 0.1 log (13 — 8.33 (.7812)) = 0.78123V. 


Thus the output drop is 5 (0.8000 — .78123) = 93.9mV. 


С. 
га = nVa Э п = (500 х 1тАу25тУ = 2. Also С; = Gav Thus, at Va =, 0.75 = 
R "0 
C; Cjo C; 
—————— ~ ~ — (1). Thus, at 5V, 0.2 = ———— ---— (2). Thus, at -10V, 0.1 = —————— 
(1 + Wo)" (1 + Sy 9)" 1+ 10У)" 
i 15v, |” Vot5 |” | " 
— ~~ (3). Now (1/02) 3 0.75/0.2 = ВЕД v | = 3.75 --- (4), and QyQ) > 
0.2/0.1 2. Mu (5) 
° = Vo + 5 == 2, , 
Explore trial solutions of (4), (5). 
m 
For V,=0V:| 9*3. | 2325 m = 0.82, 
0-1 
т 
and а zog esame. 242018 
0+5 
1 5 ” 
For Vo = 1.0: | -—— 2 | =375 >m =121, 
0 m 
and Et : -20-эт-145 ,A-0.06. 
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For Уо = 2.0: 21274 ТРИЕ 
241 
т 
and 22254 am okay A59. 
245 


See result is nearer Vo = 1 — Try: 


0545 | 
Vo = 0.5: 023831 14435 = 3666" — 102, 
Я Gap | = 3.75 = 3.666" —э т = 1.02 
т 
апа 058410 | 22021909 —^m-107 ,A«005. 
0.545 


See between 0.5 and 1.0 — Try: 


m 
0.7 + 5 
= 0. 5 = e = , 2 = е 9 
Vo = 0.7 ET | 3.75 = 3.353" — m = 1.095 
and O74 10 | 22002 1877 — m - 110 , A= 0.005 =0. 
0.745 
Overall, conclude that n = 2, т = 1.10, Vo = 0.7V, and Cjo = 0.75 (1 + 1/0. 7)! = 1.99 pF. 
1.99 
Now, at Vo = ОУ, C;(0) = ——— ——— = 1.99 pF. i 
| 10) = 5-097 ў 


For forward conduction: Аз noted on page 155 of the Text, Eq. 3.27 does not properly represent С, for 
forward conduction. [For example, check here, where if the diode is forwarded biased at Vp = Vo, and 
that Va = — Vo and C; becomes infinite!] Rather, for forward conduction, one uses from experience 
Cj; = 2Cjo = 2(2) = 4pF , here. 

Now, at 1 mA, as Ст = C; + Cy = 10pF, then Cy = 10 — 4 = 6pF. 

Generally, Cy = (tj/AVr)]p. Thus tr = пу; Сир = 2(25 x 10?) x 6 x 10771 x 10? = 300 x 1071 = 
300 ps. | 

Correspondingly, at LOmA, Ст = 10(6) + 4 = 64pF. 


3.41 For a diode 10x the area of that in P3.40, but otherwise using the same technology, both n and t7 will 
be the same, 2 and 300 ps, respectively. Thus, at Jp = 5mA, r = пур =2(25у5= 10 Q, and 
Cy = (t/hVr)lp = [300 х 107242 х 25 x 105] x 5 х 107 = 30pF. [Aside: This could be seen more 
directly, since Cy must be 5x larger at 5 mA then at 1 mA. Correspondingly, Су = 5 x 6 = 30pF. 


Since the junction is 10x larger, so must be Cj. Thus, Су = 10 x 4pF = 40 pF. 
Thus at 5 mA, Cr = C; + Cy = 40+ 30 = 70 pF. 


For 10V reverse bias, C; will be 10x that value given in P3.40 (which was 0.1 pF). Thus, here, 
С,(10) = 10(0.1) = 1 pF 


SECTION 3.6: OPERATION IN THE REVERSE BREAKDOWN REGION — 


ZENER DIODES 
3.42 Knee voltage = 6.8V — 1000 OS (5. - 0.2) = 6.70V. For no load, breakdown is sustained for Aen vol- 
tages down to about 6.7V. For a 9V supply, and bare breakdown, the load can increase to 20 t -0,2 


= 11.5 — 0.2 = 11.3шА. For = = 5.65mA load, the lowest supply voltage for regulation is V, where 
x — 5.65 = 02, from which V = 6.7 + 0.2 (5.85) = 7.87V. Thus the lowest supply for regulation 
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SOLUTIONS: Chapter #3—13 


with half-maximum load 5: 7.9V. 


| r 
Line regulation (Eq. 3.60) is ae 20 _ 0.0909У/У = 90.9mV/V. 


+r, 200+ 20 | 
Load regulation (Eq. 3.61) is — (r, ll R) = – (20 1 200) = 218.20. or, —18.2mV/mA. 


Worst case: Vs low, I, high, Vz high, where zie) o у = 10mA + 2 (0.2)mA, whence 


| R 
R< 9 (.95) – 6.8 (1.03) _ 8.55 – 7.004 _ 0.148КО. Use 1500. 


10 + 0.4 10.4 
9 (.95) – 6.81 (.97) _ 


The lowest output occurs for 10mA load, Vz low, Vs low, where 125 0.148 10.0 = 
LA -10.0 = 3.20mA, for which Vz = 6.8 (.97) — (5 — 3.2) 200 = 6.596 — .036 = 6.56V. 

; 8.55 — 6.56 
More precisely: Iz = "014 ^ 10 = 3.45mA, for which Vz = 6.8 (.97) — (5 — 3.45) 20 = 6.596 - 


.031 = 6.565V = 6.57Ү. 


The highest output occurs for 2mA load, Vz high, Vs high, where lz = 9(1.05) — 6.8 (1.03) — 


0.148 
2= MC — 2 = 14.52mA, for which Vz = 6.8 (1.03) + (14.52 — 5) 20 = 7.004 + .1904 = 
7.194N = 7.19V. 1 | 
9.45-7.194 | 
More precisely, Iz = 0148 = 15.24mA, for which Vz = 6.8 (1.03) + (15.24 — 5.0) 20 = 7.004 + 


0.205 = 7.209, or 7.21V. 


УУ = 2 (6.8) + 2 (0.7) = 15V, but since Vz is specified at 20mA and 
Vp at 10mA, use an /z in between, where 2 (20 — Iz) (5Q) = 2 (Iz — 


R vo 10) (2.50), ог 2 (20 — Iz) = Iz — 10, 40— 21; = Iz — 10, 31; = 50, 
| and /» = 16.7mA. For a nominal load of 15mA, and nominal 24V 
6.8У Zener supply, R = ao = 0.284kQ. Use a 270Q resistor, as a stan- 


dard value. For supply 10% high, resistor 5% low, and no load, 
24 (1.1) - V. | 
-——————- = 102.9 — 3.899V;. Also Vz = I; — 
Z (0.270) (0.95) 9 3.899 V- SO Vz 15У + (Uz 
16.67) (2 (5) + 2 (2.5)) х 10? = 15 40154: — 0.250 = 14.75 + .015 
Iz, whence Iz = 102.9 — 3.899 (14.75 + 0.015 I7) = 102.9 — 57.51 — 


0585 I7, and Iz = 22 = 42.88mA, for which Vz = 14.75 + .015 


(42.88) = 15.39V. For each zener at 42.88mA, Vz = 6.8V + (42.88 — 
20) (.005) = 6.911V, and Pp = 6.911 х 42.88 = 296mW. 


SECTION 3.7: RECTIFIER CIRCUITS 
3.46 The peak output is 8V 2 – ОЛУ = 11.31 — 0.70 = 10.6V: The diode conducts for about 4 cycle, but 


more precisely, between the points where 11.31 sin Ө = 0.7, or sin Ө = 0.0619, for which Ө = 


3.55° and 180 — 3.55', that is, for шин шин = 0.48 ог, 48% of a cycle. Ignoring the diode 


drop, the average output — 8V 2/x = 3.60V. With a constant 0.7V drop for 0.48 of a cycle, the average 
output is 3.6 — 0.48 (0.7) 2 3.26V. Alternatively, and perhaps better, including the diode, the peak vol- 
tage is 10.6 V, and assuming the waveform to be approximately a half-sine, the average output is 
10.67 = 3.37 V The peak inverse voltage across the diode is approximately the peak input = 8Y 2 = 
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11.3V. For Rs = 50Q. rp = 10Q and a load of 1kQ, vg = (vs — 0.7) "Jia cr for a half cycle, 


ог Vg = 0.94 vs — 0.66. Correspondingly, at the peak, the peak output is 0.94 (11.3) — 0.66 = 9.97V. 
Overall, the average output is 0.94 (3.26) = 3.06V. 


3.47 Peak inputs are + 8Ү 2 = + 1131V. Peak outputs are 11.31 — 0.70 = 10.61 V, and —11.31 + 6.80 = 
—4.51V. 

For conventional forward conduction: (As noted in 

P3.46), conduction is from 3.6" to 176.4", or about 

48% of the cycle, For reverse conduction: current 

flows for the parts of the cycle between which 11.31 


si ев ordinis ns 2/0:601. for which 


© = 36.96' or 37°, and 180° — 37° = 143°, that is 
for (143 — 37)/360 = 29.4% of а cycle. Assuming 
that the rectified half-waves are sinusoidal-like, for 
the conduction period, the forward current average is 
about (10.61/0(4850) = 3.24V, and the reverse 
current average is X about 

(4.5 1/)(29.450) = 0.844V. Overall, the average 
value of the output is 3.24 — 0.84 = 2.40V. 


6.8V 


3.48 Full-winding peak transformer output voltage = 16Y 2 = 22.62V. 


v1 (open-circuited) 
| 11.31У 


vo with D1 оп! 
3.75-0.7 = 3.05V | y 


6.840.7 » 7.5V 


vo with | 
D1, D2 as zeners 


For full-winding voltages 2 (6.8 + 0.7) = 7.5V, D, conducts in the forward direction (0.7V), while D; 
breaks down (6.8V). At the peak, the shorted-diode current flow is (22.62 — 7.5Y100Q = 151.2mA with 


Vo = 22.622 — 0.7 — (100822) х 151.2mA = (11.31 — 0.7 — 7.56V) = 3.05V, (or, sce this as 7.5/2 —0.7 


= 3.05V). But current also flows in А; р = NL = 3mA from an equivalent source of ын [| = = 


259, to produce an additional drop of 3mA х 25Q = 0.075V. Correspondingly, vg = 3.05 -.075 
2.975V. 

Thus, the peak value of the output is 2.975V, relatively constant while the sum of the open-circuit wind- 
ing voltages exceeds 7.5V. The peak diode current flow is 151.2mA + 3mA2 = 152.7mA. 


u 
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3.49 


3.50 


3.51 


3.52 


3.53 


SOLUTIONS: Chapter #3—15 


m | . Transformer Peak Voltage = 12Y 2 = 16.97V. Load 
НЭТ | М Peak Voltage = 16.97 — 2 (0.7) = 15.57У. Now, 
‚ 16.97/ 16.97 — 1.4 = 15.57V 16.97 sin Ө = 0.7 + 0.7 = 14, for which sin Ө = 


EST = 0.0825, and Ө = 4.73". That is the output 
z^ 27 for 4(4.73) = 18.92" per cycle ог 
——— x — = 0.87 А : - 

360 60 876msec. Thus, the average out 


ence 2 1697 — 1.4 = 10.80 — 1.4 = 9.40V. Peak 


Inverse Voltage for each diode is 16.97 — 0.7 = 
16.3V. 


For a 12V sinusoid, the pcak is 12V 2 = 16.97V. Capacitor charges to the peak voltage less one diode 
drop (due to the flow of small capacitor leakage currents), that is, to 16.97 — 0.7 = 16.27V. Thus the 
output is a dc voltage of 16.27V. The PIV required of the diode is 16.27 + 16.97 = 33.2V. 


For a constant current of 1mA flowing for one cycle, the voltage drop is V = Z = 0.4V = MUS, 
-3 

whence C = I = 41.7uF. For % the ripple and 2x the load, need 4x the capacitance ог 4(41.7) = 

1674 F. | For 0.4V ripple with 16.97У peak input, diode conduction occurs for inputs from 


16.97 — 0.4 = 16.57V to 16.97У, or for an angle from sin"! (16.57/16.97) to 90°, that is, from 77.54" to 
90°, or 12.5". Thus for 12.5/360 = 0.0347 of a cycle, diode current flows to replace charge lost through 
the ImA load. The average diode current during conduction is 1/0.0347 = 28.8mA. For 0.2V ripple, the 
interval is from sin"! 16,77/16.97 = 81.27 to 90°, or 8.8”, corresponding to 8.8/360 = 0.0244 of a cycle. 
Thus, the average diode current for a 2mA load is 1/.0244 x 2 = 81.8mA! 


For full-wave rectification, the discharge interval is essentially halved. Using the results of P3.51 above, 
for the same ripple, half the capacitance is needed, namely 41.7/2 = 20.9uF for 1mA and 0.4V ripple, 
and 167/2 = 83.4uF, for 2mA and 0.2V ripple. Also diodes conduct twice per cycle. Thus the diode- 
average conduction currents are # of the originals, ie 28.8/2 = 14.4mA, and 81.8/2 = 40.9mA, respec- 
tively. In each case, diode PIV = 16.27 + 16.97 = 33.24V. 


12V applied to a 100Q load implies a 120mA load current. Now CV = IT. 

Thus C = (120 x 10? x их 1/60у0.4 = 2500uF. Assume negligible transformer resistance: Thus the 
peak sine wave required is 12 + 0.4/2 + 0.7 = 12.9V and the transformers КМ5 voltage = 12.942 = 
9.12V per side. Thus the transformer should have an 18.24V rms centre-tapped secondary. 

For diodes: PIV = 12 + 0.2 + 9.12 V2 = 25.1V. Diode current flows from sin! (12.9 — 0.4)/12.9 = 
75.69" to 90°, or (90 — 75.69)/360 = 0.0397 of a cycle. Average diode current for each diode = 
120/0.0397 х % = 1.509A, with the peak current being about twice as high, ie (1.509 — 0.12) 2 = 2.78A!! 
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3.54 


SOLUTIONS: Chapter #3—16 


Ideal Case: Peak output = 20 — 0.7 — 0.7 = 


Voc, the transformer 18.6V, for which the peak output current = 
open-circult voltage 18.6/200 = 93mA.  Ripple voltage is 
f V = IT/C = 93 х 107 x 160 x V2 _ 


1000 х 10% 
0.775V. 
Diode conduction is from sin! ((20 — 
.775)/20) = 74.0" to 90°, ie 16° or 16/360 = 
0.0444 of a cycle, with an average diode 
VRpeak current = 93/0.0444 х 4 = 1.0474, and ап 
Voc - 2V0 - RS IL average DC output = 18.6 — 0.775/2 = 
. 18.2V. 


With Source Resistance, Rs, the peak diode current is limited, and the output voltage will drop. As the 
output voltage drops, the recharging interval will increase, and the ripple will decrease, both because at 
lower voltages the load current is smaller, and also because during the charging interval(s), the load is 
supported directly through the diodes. 


Now, the average output decreases to 18.2x where x 5 1.0, and the ripple to 0.78x. Thus the peak diode 
current (near the sine-wave peak and where (say) the ripple is halfway) is + 0.78(x/2yRg = (18.6 - 
17.8x /Rg. Now, assume the current to be triangular in form, flowing for a fraction y of a cycle, twice 
per cycle. Thus average charge delivered from the supply, (through two diodes) in one cycle must be that 


required by the load in the whole cycle, that is, 20/2) (y) DL a Оол DNA. ВЕ (1) 

Rs 200 
Now for y: Diodes begin to conduct at sin"! DIL = sin! (0.958x) and cease conduction 
(following the input peak) at 90°+ |90 —sin^! ы = 180 — sin"! (0.999х ), 


= Oe ——-—(Q2 
where y 360 (2) 
Now, for Ку = 1.00, (1) — 2(#)у Чес) = а and x = 11.0у (18.6 — 17.8x) – — — (3) 


Iterate: Try х = 0.95 initially: 
(2) — y = (180 — sin! .958(.95) — sin"! .999 (.95)360 = (180 — 65.5 ~ 71.6)360 = 0.119, and 
(3) — x = 11.0 (.119) (18.6 — 17.8 (.95)) = 2.21. | 
Try x = 1.0: 
(2) — y = (180 — sin”! .958 — sin"! .999y360 = (180 — 73.3 — 87.4y360 = 0.0536, 
(3) — x = 11.0 (.0536) (18.6 — 17.8) = 0.472. 
Try x = 0.97: 
y = (180 — sin™! (.958 x 0.97) sin"! (.999) (.97))/360 = (180 — 68.3 — 75.7)/360 = 0.100, 
= 11 (.100) (18.6 — 17.8 (.97) = 1.47. 


Try x = 0.99: 
y = (180 — sin"! (.958) (.99) іп! (.999 x .99))/360 = (180 — 71.5 — 81.5)/360 = 0.075, 
x = 11 (.075) (18.6 — 17.8 (.99)) = 0.807. 
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3.56 
(а) 


(5) 


(с) 


vi 


v — 10 kQ vo 


+ 4.3V 
Ria 
A 
D1 Rib 
10 kQ — vo 
02 5 R2b = 
04 B 10 kQ 
R2a 
— (6) 
- 14.3V 


SOLUTIONS: Chapter #3—18 


For Ug 2 3.0 V, current begins to flow in R}. 


TI K 7 ae d 

115 = = ———— 

: ‘ 10I R, +10) ® 

pce re 40 R, = 100 + 10 R 
10-К,. IBI RN oe ee ee 


+ 10 R,, 20 R, = 100, whence R, = 5kQ. 


For symmetrical operation, R} = 5kQ also, note, 
further that for symmetrical operation, Ку and R, can 
be combined, as shown. 


Hard limiting at +5V can be provided using two 
additional diodes: Da, from Vg to +4.3V with anode 
at ug, and D4, from vg to —4.3V with cathode at 
Ug. 


Ria 
Here, ———“—— x 43 = 23 V and Rj, I Rip 


Ria + Rip 
5kQ. 
Ria Rip Ria | 5 
Thus —————— = 5 , ОГ —————— = ——-, 
Ria + Rip Кы+К К 
Substitute the last into the first to get: ELE) MB 
Ib 
5 (4.3) 
23; Rip = = 9.35kQ, 
24 ОГ 1 2 3 
= ——— (Кы + 9.35) = 0535 Ry, + 5 
апа Ria 9.35 ( la t 5) 1 


= dis 10.75kQ2. Again, a resistor can be 
saved by replacing Rj, and R, by a single resistor 
equal to their sum (18,7КО) between nodes A and B 


with no ground connection. 
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SOLUTIONS: Chapter #3—17 


Try x = 0.98: 
y = (180 — sin“! (.958) (.98) —sin"! (.999 x .98))/360 = (180 — 69.86 — 78.24)/360 = 0.0886, 
x = 11 (.0886) (18.6 — 17.8 (.98) = 1.13. 


Try x = 0.983: 
y = (180 — їп! (.958 x .983) —sin"! (.999) (.983))/360 = (180 — 70.34 — 79.12)/360 = 0.0848, 
x = 11 (.0848) (18.6 — 17.8 (.983)) = 1.028. 


Try x z 0.984: 
y = |180 — sin! (.958 x .984) — sin"! (.999 x .984) |зво = (180 — 70.50 — 79.43)/360 = 0.0835, 
x = 11 (.0835) (18.6 — 17.8 (.984)) = 0.996. 


Try x = 0.986: 
180 — sin"! (.958 x .986) —sin"! (.999 x .984) |зво = (180 — 70.84 — 79.43)/360 = 0.0826, 
11 (.0826) (18.6 — 17.8 (.986)) = 0.953. 


Try x = 0.985: 
[зво - sin! (.958 x .985) —sin ^! (.999 x .985) |зво = (180 — 70.07 — 79.74)/360 = 0.0821, 
x = 11 (.0821) (18.6 — 17.8 (.985)) = 0.964. 


Use x = 0.985. 
One can conclude that: 
a) Тһе iterative process is not a very good one, but the result is probably OK. 


b) The output voltage decreases to 18.2x = 18.2 (.985) = 17.9V, a drop of about 18.2 — 17.9 = 
0.3V, or 0.3/18.2 x 100 = 1.6%, in the transformer resistance of 1 ohm, implying an 
"equivalent" current of 300 mA. 


SECTION 3.8: LIMITING AND CLAMPING CIRCUITS 


3.55 The upper limiting level is 2.3 + 0.7 = 3.0V. The corresponding input threshold level is 3.0 + (3.0/10k) 
X 10К = 6.0V. The corresponding lower values are —3.0V and —6.0V respectively. The gain K (for 
linear operation) is 1ОК/(10К + 10k) = 0.5V/V. At twice the upper threshold, V;, = 2 (6.0) = 12V, and 
the current is (12 — 3)/10k = 0.9mA. 
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3.57 


3.58 


: i .5V 
0.7V _ possibly < 0.5 


ч 
T.C. = RC 


0100 = 10 = 0.5) 
=~ 89.5V 


3.59 


SOLUTIONS: Chapter #3—19 


Consider an input v; = Asin wf. Now, A sin Ө = 
1.4V, where 0360 = 5/100. See that Ө = 18° and 


А = "€ = 4.53V peak, or 9.1Vpp. 


n 18 
The peak diode current — iiit = 10mA. Use 
a resistor, R = ADE e = 3130. 


10 


For light load, the output is a square wave of period 
T going from +0.5V to 40.5 -(100 — 10) = —89.5V. 
As the load resistance reduces, the negative side of 
the waveform is no longer flat at -89.5V, but rather 
rises toward ground. А well, upon the positive 
transition, the diode current increases initially, with 
0.7У or so positive output at first. For RC = 2T, in 
one, half cycle, where ¢ = 772, the output falls to 


e ?T =e" = 0779 of its. original value. Thus, 
assuming the diode to have a constant 0.7У drop 
when conducting, the waveform initially rises to 
0.7V, then drops to 0.7 (.779) = 0.55V, then falls to 
-90 + 55 = -89.5V, then droops (up) to —89.5 
(0.779) = —69.7V, then rises to 0.7 V, and so on. In 
practice, the diode conducts at voltages lower than 
0.7 V. Thus the upper level is not simply an 
exponential, but will fall more rapidly, to slightly 


less than 0.55V. 


For a 100V-peak sine wave and no load, the output 
would be 2(100) -0.7 — 0.7 = 198.6У for a 0.7V 
diode drop. For a pp ripple of 5% of peak, ripple 
voltage is (5/100) (198.6) = 9.93V, and the average 
output voltage = 198.6 — 9.93/2 = 193.6V. The 
0.1 x 10% x 9.93 


corresponding load current is 1 = : 
20 х 10°) 


= 19.86mA. 
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SOLUTIONS: Chapter 43-20 


3.60 Assume ideal diodes having a drop of OV. Initially, the input capacitor C, is charged, with OV on its 


internal end and input low, while the output capacitor C; is discharged. As the input rises by 100V, 

charge is dumped through the connecting diode D2 from C, into С. Since the capacitors are equal and 
the input voltage change is 100V, the output rises to 50V. 

| When the input falls, C, is recharged through the 

grounded diode Гү, while the connecting diode D; 

vo opens, leaving С» charged at 50V. Now, when the 

input rises again, diode D, does not conduct until 

the input rises by 50V. For the remaining 50V 

change of input, charge is shared equally by C, and 

75V Сә, while the voltage on C; rises ру 25V to 75V. 

When the input falls, C; is recharged. Correspond- 

50V ingly, after 2 cycles, the output becomes 50 + 25 + 


2 = 87.5V. After four cycles, the output is 50 + 


25 4 2 + 28 + z = 96.9V. After eight cycles 


2 4 
the output is 50 + 25 + - + = + 


o 1 2 di: 5 4 of Cycles 


4 


1 
—+—+ 
8 2 


L 
4 > 


3.61 Ultimately, an equilibrium is established with the output reaching V at the beginning of a cycle, V; half 


way, and V; at the end. Неге, V= V; (1— 210 


Also V3 = V2 (1 — 5100) = 0.95У» = 0.95 (.975) V4 = 0.92625 Vi. But at the start of the next cycle, 
with V, = (Vg + V3y2, hence V, = (Vo + .92625 Viy22 Vy2 + .4631V,. 


) = 0.975V, since two capacitors C supply the load. 


Vi = L——— c. = 0931Ve Уз = 0.9263V, = 0.863Vo, and the average output = 


(V, + V3)2 = (0.931 Vo + 0.863 V9)/2 = 0.897/,. 

Here, including an approximation of the effect of diode drops, the average output would be about 0.897 
(100 — 1.4) = 88.4V, with ripple = V4 — V3 = (.931 — .863) 100 = 6.70Vpp, the output ranging from 88.4 
+ 6.70/2 = 91.8V, to 88.4 — 6.70/2 = 85.0V. 


SECTION 3.9: SPECIAL DIODE TYPES 


3.62 For a junction diode, i = Ise 


шаг and v = nVrln(iZs). 


Thus, 300 = n (25)In100/7;, or 12 = п1һ100 — nIn/g — ~ — (1) 

Also, 370 = n (25)In1000/;, or 14.8 = n1n1000 — п1һ/; — — — (2) 

(2) — (1) = 2.8 = n (In 1000 — In100), | 

whence, л = 2.8(6.908 — 4.605), orn = 1.216 

Now, Is = ie "T = 1e 3700.216 х 25). 5.18 x 10%A. 

Check: i = 5.18 х 10:0с2004:216х 25) — 0.1 A, OK. 

At 20 A, v = nV,In(iZg) = 1.216(25)In[20(5.18 x 10:91 = 461 mV. 

Thus the ohmic drop is R (20A) = (800 — 461)107°, whence R = 339 х 107320 = 16.95 mQ. 


Check: 20 A and 17 mQ — СА veg = 20 x 171000 = 0.34 V. Thus the series resistance of this power 
diode is 17 х 10°Q or 17 mQ. 
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SOLUTIONS: Chapter #3—21 


3.63 For a junction diode, i = Is pU and v = nVz1n(iZs ). 
For the specified diode having а 10Q series resistance, up = 10i + 1.5(25)In(ZIg) 


At 10 mA, 420 = 10(10) + 37.5In(1075), In(1075) = (420 — 100у37.5 = 8.533, 101; = e8533 = 5081, 
whence /5 = 10081 = 1.97 x 10?mA. 


At 1 mA, vp = 10(1) + 37.51n(1(1.97 x 1073)) = 334 mV. 
At 50 mA, Vp = 10(50) + 37.51n(5011.97 x 103) = 880 mV. 


3.64 i —lse ": Taking base e logarithms, v = nVrIn(iIs) 
At 0.1 mA, v = L.1(25)In[0.1 x 107710755] = 696 mV. 
At 10 mA, v = 1.1(25)In[10 x 10774075] = 823 mV. 


3.65 For a varactor (or variable-capacitance diode) (from Eq. 3.27), C; = Cjo(1 + VRV oy". 
Here, 33 = Cjo(1 + 22.2) 99, Cjo = 33(1 + 22.2? = 59.1 pF. 
Thus, at 0 V, C = 59.1 pF 
At 1 У, С = 59.1(1 + 2.2) 9? = 23.6 pF 
At 10 V, C = 59.1(1-- 102.2) 9? = 7.1 pF 


3.66 In sunlight, 1000W/m? = 1000 x 107 *W/cm? = 100mW/cm? 
At 25°C, the diode photocurrent is /g = 100 x 0.7 = 70 pA. 
At 125 °C, Ів = 70 x 10 $(1.035)025 - 25/19 = 70 х 1071.035)! = 98.7 дА 
At 25 °С, the dark current is 1.5 nA 
At 125 °C, the dark current is 1.5 x 2025-2510 = 1536 nA = 1,54 pA. 


3.67 In direct light, їр = 20 x 0.7 x 106 + 1.5 x 10° = 14.0uA 
In reflected light, Jp = 0.5 x 0.7 x 10% + 1.5 x 10? = 0.35 НА 


5V 


“Уан signal 


fe». vo 


For direct light: 9g = 14 x 10° x 105 = 1.40 V. 

For reflected light: оо = 0.35 х 10 x 1092 0.35 V 

In the modified circuit shown, D» is biased by light passing through а filter to adjust its intensity to about 
half the direct light beam applied to D4. 

In operation J, is either 14 WA or 0.35 НА, and 7; is adjusted (by varying the light bias) to balance the 
two output current magnitudes. 
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3.68 


3.69 


SOLUTIONS: Chapter 43-22 


For direct light: I = [ip — I. 

For reflected light: — I = l, — Цв. 

Now, the magnitudes should be equal, that is | Zip — [5 1 = 115 – Пк |. 

Thus [р —122 + (15 – ip) 

Take the positive sign: 2/5 = [р + Пк = 14 + 0.35, and Г, = 7.17 НА. 

Check: For 1, = 14рА, І = 14 ~ 7.17 = 6.83рА. For [ = 0.35рА J = 7.17 — .35 = 682uA. ОК 
For a + 05 V signal, R = 16.83 x 10% = 146 КО. 


Note that in this balanced circuit, if the diodes are matched, dark currents cancel and operation is 
independent of the operating temperature of the diodes (as long as they are at the same temperature). 


See that for a usual op amp, the diode is connected across virtual ground and vg = 0 V. Thus, if the 
diode is not exposed to light, the current through it is zero. Note that this is the case with an ordinary 
diode in a sealed package, where Vg = 0 V. When light falls on the junction of D, photo-carriers are 
produced with the photocurrent polarity (which allows photocurrent to flow from cathode to anode). 
When an illuminated diode is short-circuited (as is D in Fig. Q3.68); current is extracted from the exter- 
nal circuit. For the connection shown, Vg rises. For light at 20 mW/cm?, and the diode rated at 0.7 
uU A/mW/em?, the photo current is 0.7 x 106 х 20 = 14 pA. For light applied to the circuit, vg = 5 
КО х 14 pA = 5х 10 х 14х 106 70 mV. For no light applied, vg = 0 V (if usual small offsets 
are ignored). 


. D Di 
A 1-» B (a) А э» ~w B (b) 
ы ae ae 
RM | 


As noted in P3.68 above, an illuminated photodiode attempts to conduct photo-current (as seen exter- 
nally) flowing from cathode to anode. Such a current is shown in Fig. 3.69a) as i. In Fig S3.69b), the 
situation is redrawn with the external circuit indicated by the dashed lines, where current labels in b) fol- 
low from a): Here i, is i, i? is ij, i3 is i2 is i}. 

We conclude that a photodiode can generate current, which flows out of its anode, just like a photo- 
operated battery with the anode positive. Certainly, this happens if the external circuit is a short-circuit 
(This was illustrated in P3.68 above.) But as the resistance in the external circuit rises, the voltage across 
the diode increases until the internal junction begins to conduct increasingly. Thus an open-circuited sili- 
con photodiode when illuminated has an open-circuit voltage equal to a diode drop (of 0.7 V or so for 
silicon). Thus, tt behaves like a 0.7 V battery. When an external load is connected, the terminal voltage 
drops until at (say) 0.5 V, 99% or more of the photo current flows in the external load, and only 1% is 
internally short-circuited by the (slightly) forward-biased junction. | 

For the specific solar panel: 


vo Output power level is 
P = ІУ = 100 x 107° х 14.5 = 1.45 W. 
Y zi Panel power level is Р = IV = 110 x 14.5 = 
Solar Panel (D1..Dn) ; —— Battery 
e Dn 12 V 1.59 W. 
0 .. Open-circuit power level is 
— (с) Р =1V =110x 10? x 24 = 2.64 W 
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SOLUTIONS: Chapter 43-23 


For an open circuit, the photo-current of 110 mA or so flows in the series-connected forward-biased junc- 
tion to create the open-circuit voltage of 24 V. Since each cell has a forward voltage of 0.67 at 110 mA 
or so, the number of series cells is approximately 24/0.67 = 36 cells. 


| Махїтит power calculations: Maximize 
" Р-1,0-041-1)09---0) 
wy. 
where i = Işe '——-— (2) 
D Өл Maximize Р = (I — Ise” "A. 


— (d) 


Now др/, =I] — [се st ae ое" = I — 15(1 + (WVr)e Mi 
Maximum power occurs when д/д, = 0, or І = (1 + VV; Is е" =i(1+W,), or I =i + Уу, or 


0 = (I — ИИ — – – (3), or = (IA — DVr — — — (4). 
Now, Pa = (I – i)AVr — — — (5) | 
Combining (2) and (4), P max occurs at current i = ge ^ -D = 0.3671, e^ — — — (6) 
For the specific case, 0 = 670 mV, and i = 110 mA, with the initial assumption of л = 1: 
From Eq.(2), 110 x 1077 = /5e 970103. and Is = 110 x 103e ~ 67025 = 2.525 x 10°34 = 2.525 x 10-9 mA 
Generally, i =Jse“~", and taking In, Ini/Ig =/A — 1, or IA =Init+1<Inly — — — (7), or 
I | 

= ———— - - – (8). 

Ini + 1 — 18/5 (8) 

1. I 
For the specific case, i = ——————————————, ori ---————--—-(9 
pecif Ini + 1 — 102.525 х 1079 Ini + 23.1 e» 


Solve Eq.(9) interatively for / 2 110 mA: 

Try i = 10 mA: i = 110(2.30 + 23.1) = 4.33 mA 

Try i = 45 mA: i = 110(1.504 + 23.1) = 4.47 mA 

Try i = 4.47 mA: i = 110(1.497 + 23.1) = 4.472 mA 

Thus, maximum power occurs for an internal diode current i = 4.47 mA or 4.47110 s 4% of full 
short-circuit current. 

At maximum load power, each diode voltage is (from Eq.(4)): 

v = (IA — )Vr = (1104.47 – 1)25 x 10? = 590 mV. 

For a stack of such diodes (with л = 1) with open-circuit voltage of 24 V, the maximum-power voltage 
would be 590/670(24) = 21.1 V. 

This is clearly much higher than the 17.5 volts specified. Probably л > 1, although the detail of the 
specifications, whether nominal or best/worst case, may also be suspect. 

Now if n = 2 is assumed, 

from Eq.(2), 110 х 1077 = Is 69709203. and Is = 110 x 10e - 9050 = 1 67 x 107A = 1.67 x 10 *mA. 


I | I 
From (8), i = —————————————, or i = ————— --- (10). 
(8) Ini + 1 — In(1.67 x 1079) Ini + 9.70 (10) 
Solve Eq.(10) iteratively for / = 110 mA: 
= T ME ae 
Tryi = 10 mA: i = 1110 + 9.70 9.16 mA 
| 110 
| = : i = — = 9. A 
Е a POT m 
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3.70 


3.71 


SOLUTIONS: Chapter 83-24 


110 
Try i = 9.2 mA: i = ————— = 9. 
ryt = 9.2 mA: i ind 4.970 9.23 mA 
Thus, may ит power occurs for i = 9.23 mA, or 923/110 = 8.4% of full current, for which (from 


Eq.(4) e: 20) the diode voltage is (14 = 1)пУт = (1109.23 — 1)(2 х 25 x 103) = 546 mV 

For (ће. — tack of diodes, this maps to 546670 x 24 = 19.5 V 

Clearly, more likely to be 2 than 1! 

For the operation at 145 V, cach diode drop is 14.524 х 670 = 405 mV, and 
i = Ipe” = 67 x 197494550 = 0.55 mA. 

Thus the current loss at 14.5 is about 0.6 mA, which is quite small! 


Input power is Р = і? = 10x 10° х 1.9 = 19 mW 

Now, i = Ige "7. and 10 = [;е1900205) сс 15 = 106199090205) = 3 12 x 10777mA, 

At a power level of 60/2 = 30 mW, assume the current increases by 5096 to 15 mA. 

Thus for i = 15mA , © = nV,ln(iZg) = 1.225)In[152.12 x 10727 = 1.2(25)(63.74) = 1.912 V, 
for which iv = 15(1.912) = 28.7 mW, a bit small. 


Now, try i = 301.912 = 15.69 mA, for which v = 1.2(25)In[15.693.12 х 10727] = 1.914 V, and 
iv = 15.69 x 1.914 = 30.03 mW. 


Thus a current of 15.7 mA produces an output of 1.91 V for a dissipation of half rated power, 30 mW. 
For 10 mA operation: R = (5 — 0.5)(10 x 10?) = 4500 

For 15.7 mA operation: R = (5 — 0.5)(15.7 х 107) = 2870 

From Appendix Н, standard 1% resistor values to be used would be 453 Q and 287 О. 


The detector is specified to have an open-circuit voltage of 500 mV and a short-cirucit current of 70A. 
From the discussion in P3.68 above, this specification relates to operating in the low-voltage or solar-cell 
mode. 


For an emitter current of 5 mA, the output short-circuit currents can range from 5 х 107 х 0.6100 = 
30uA to 5 x 107 х 1.6100 = 804A 


(2) дә 
(1) Аҹ vo 


In this circuit, the isolated + 5V supplies are labelled (1) and (2) (for primary and secondary). Op amps 
A, and Аз operate in the inverting mode. Resistor R,( = 100kQ) where Кү establishes the operating 
current for Dp; (and Dp2) at 50 WA. Initially it causes the output of A, to rise driving Dg through Rs, 
limits the maximum current in Dg to 30 or 40 mA. As the current rises in Dg, so does the current in 
Dp (and Dp). The current in Dp, rises until it equals that in Кү (50 WA). А, = R; (= 10069) ensures 
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that Ор» operates at the same current. Diode mismatch can be compensated by minor control of R;. 
Resistor Кз (with R4) establishes the overall voltage gain to a value КК, (here of 100К/10К = 10 
V/V). Resistor R4 isolates the input and controls the range of current variation in Dpi, Dp2 to + 
0.1/V10k = + 10 ДА for + 0.1 V signals. Notice that the current transfer gain is completely compen- 
sated by establishing the current in Dp, (via Кү) and allowing the current in Dg to seek an appropriate 
value (limited only by R5 on those rare occasions on turn-on, or when the loop is broken accidentally. 
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Chapter 4 


Bipolar Junction Transistors (BJTs) 


SECTION 4.1: PHYSICAL STRUCTURE AND MODES OF OPERATION 
4.1 


active | 
cutoff 


cutoff 
saturated 
cutoff* 
saturated 


*Cutoff, but nearly active. 


42 Two junctions, each in two states of conduction, imply 2 x 2 = 4 modes of operation. 
Table 4.1 lacks the case: EBJ Reverse Biased, CBJ Forward biased. 


SECTION 4.2: OPERATION OF THE NPN TRANSISTOR IN THE ACTIVE MODE 


4.3 Generally, іс = 6 "7". Here, 2.0 x 1073 = 15679925 and 1, =2х 1036770025 = 1.38 x 107!5A. Now, 
from Eq.4.4 Is = AgqD,n/ANAW) and from Ед. 3.12, Di = Р, = Vr. Thus, 
D, = Vrun = 25 х 10? x 1100 = 27.5 cm?5. 


Now (from Eq.4.4) Ag = № WI,/qD, п), and calculation in cm, 

Ag = 108 x W x 1.38 x 1071.6 x 107 x 27.5 x (1.5 x 10192 = 1.39 Wcm? 

(with W in cm) = 1.39 x 10*Wum (with W in рт). 

For W = 2рт = 2 x 10cm, 

Ag = 1.392 x 1075) = 2.78 x 10°*ст? = 2.78 х 10 x 108 = 2.78 х 1051un?, being, for example, 
167 x 167,un?. 


44 For a transistor whose EBJ is 100x larger, J; is 100x larger, namely Js = 100 x 1.38 x 107A ог 
15 = 1.38 x 107A, 


For Орк = 0.70V, ic = 100(2) = 200 mA. 
For ic = 1mA, 1.0 x 10? = 1.38 x 107 Pe "Ут and Vgg = 25mVIn(1 х 1073у(1.38 x 103) = 568 mV. 
For l/;-ArqD,njANAW) and n?-2BT?e "^. with В =5.4х 103) and Eg -L12eV, 
k = 8.62 х 10?eV/K. 

Thus Is = AgqD, BT?e “М, № = constant x Te ^. = K* x ТЗе 12862107. cw r3,-1.30x10/T. 


At 300K, Iş = K*3003e-130x10300 — кжд 99 х 10-12 
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At 400K, Is = K*4003e7130x10400 — K*4 91 x107. 


Thus at 400K, Js increases by 1.20 x 10° times! to / = 1.2 x 105 х 1.38 x 10°34 = 1.656 x 109A, for 
which Ugg = 25 x 10?In[1 x 1071.656 x 10:5)| = 275 mV 


Now, in the base, npo = n/N, and at 25°C, npo = (1.5 X 10!0)9110!7 = 2250cm?, and (from Eq.4.1) 
n, (0) = nyoe "^ т —2250e70025 = 325 x 10!5ет?. Now (from Eq.4.2), 1, = AgqD, ( — n, (OW), and 
using ст, 


I, = —20x107 x 20 х 10% x 1.6 x 107? x 21.3 x 325 x 10w = —443 x 10 9. 
For W = lum = 1 x 10-4cm, I, = — 4.43 x 10°/10 = 4.43 x 107A, or — 0.443 mA. 
For W =0.lum, J, = — 4.43mA. Í 
Now (from ^ Eq.4.4), 15 = AgqD, n NA W), and with all dimensions in cm, 
15 =20 x 107 x 20 x 10 x 1.6 x 1070? x 21.3 x (1.5 x 1019770" Ww = 3.067 х 109. 
For W = lpm = 1 x 1074ст, Ig = 3.07 x 107!6A, 
For W = 0.lum, Ig = 3.07 x 107A. 
Check: Now, for ogg = 700 mV, ic = Ie, 
For W = 1рт, ic = 3.07 x 107166279075 = 0,444 mA. For W =0.lum, іс = 4.44mA, both (as 
expected), the same as /„ (within a factor 00. 
D, N 2 
л W +10 W 
Р, Np Lp Dy tp 
tation of Eq.3.30. Here, the base minority-carrier lifetime (using calculations in cm) is 
ть =L,/D, = (19 х 10759721. = 169.5 ns. | 


‚ Where, t = LD,, by adap- 


Thus, 
1.7 || 107 W үү? А 
=|——х-—————+-————————-|= 1.33 х 107 + W?(1.85 x 107) 
р 213 10906  2(21.3 x 10? x 169.5 x 107) | A ( ) 


Now, for W = lpm: В -141.33(1) + 12(1.385)]10? = 368, for which a = i - = 0997, 


and for W = 0.1рт: B = 141.33(0.1) + 0.1*(1.39)]10? = 6807, for which a = 0.9999. 


Note that for W = O.1jun, D is very very high. Such a transistor would be very difficult to make in prac- 
tice, and would have low breakdown voltages. (See P4.6, next). 


D, Na W | w? 
х-—х—+-——— 
D, Np Lp 2 Р, Tp 
Text, Np = 10!%cm?, № = 10!7cm?, L, = 19 um, D, = 21.3ст?/, Lp = 0.6 um, D, = 1.7ст 95. 
Thus ть = (19 х 10:721.3 х (1072)? = 16.95 x 10? = 169.5ns. 


1.7 1017 W Ww? | 
,Qr 


Generally, from Eq. 4.12, B = V | , Where tj = L,2/D,. From P4.2 in the 


Thus D = V| —— x — х — + ———M——————— 
В 21.3 10! 0.6 2(21.3 х 10°)(169.5 x 107?) 


В = 1.33 х 10?W + 1.385 х 10702] = V(1.33W + 1.39072]1073 
Now, for D = 1000: 


1.39W? + 1.332 21 = O or 


—1.33 + V1.33? — 4(1.39)( — 1) — 1.33 + 2.71 
W = NC = 0469 
2(1.39) 2(1.39) шаа: 


For B = 2000: 1.39W? + 1.33V — 0.5 =0 or 
— 1.33 + V1.33? — 4(1.39( - 0.5) 133 £ 2.13 


Was cds эг 01230292) 191213.) 
2.(1.39) | 2(1.39) on qun 
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4.9 


4.10 


4.11 
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іс = Ige "^, whence Is = ie 0" = 10x 1076е - 9925 = 5.11 x 10-174 
For a 0.500 V drop at 10 НА, Js = 10 x 10~%e ~ 50025 = 2.06 х 10-14 
Junction size increase is 2.06 x 107!4(5.11 х 10777) = 403 times. 


Check: e — om = 403, OK. 


At 0.65 V, this large junction has a current of 2.06 х 107'4e®5 = 4.03 mA. 
At 0.70 V, the current is 2.06 х 10714270025 = 29.8 mA. 

Check: 4.03¢ (000 - 65025 — 298 OK. 

ic = Ige "^", and Ig = ice ^ "7. 

Here, /; = 10 x 10e ~ 9025 = 1 93 х 10714 А. 
Also B = ic/fg = 10x 10775 x 10% = 133.3 and 


i $E = AG = 0.993, whence 


Ig = 1.039 х 107'4A and 1/0 = 7.73 x 10A, 


Here, ig = 0.753 + 0.001 mA and ic = 0.749 + 0.001. 
Thus ig = ig — ic = 0.004 + 0.002, a current ranging from 0.002 to 0.006. 


0.749 + 0.001 0.749 — 0.001 PORE. 
fi = 7 = 1 YA = = e 
Thus В varies from 0.002 375 to 0.006 24.7, for which о 8-1 0.9973 


to 0.9920 
Directly: œ ranges from 0.750/0.752 = 0.9973 to 0.748/0.754 = 0.9920. 


Clearly, measurement of the currents which are nearly equal leads to a lot of error in В, although œ is 
relatively insensitive (except that casual measurement of ig and ic can easily suggest that œ is negative! 


From P4.3, ic = 2.0 mA, Vgg = 0.7 V, n = 1, № =10'%cm?, u, = 1100ст®м,, 15 = 1. 38 x 10:54, 
D, = 27.5 cm/s. Ag = 1.39 W cm (for W in cm) W = шт -2 х 107 ст 


The Minority stored charge i in the base (with calculations in cm) is (from Eq.4.9) 


о, = Ag Wqn;’ АЛД 
i 2NA 
-4ү2 -19 10,2 
ОРО е 1.39 х (2 х 107")(1.6 a 10 71.5 х 10) e751 446 x 107? = 1.46 pC 
2(10 7) | 
Ww? 

For equation 4.12, assuming recombination to be dominant, D = 1/ 201 

n “Ь 


_ ВИ? _ 120х (2х 10%) _ 
for which, the lifetime t, = 2D. D, = 70075) — (27.5) = 87.3 ns 


For (ensured) active-mode operation of an npn transistor осв 2 OV and Vcg = Vcg + Upg 2 700 mV. In 

the active mode, ic = [se 7" (for n = 1); 10 x 10? = [ge 992: or Is = 10 x 107Зе- = 6.91 x 107A. 
i 

Also, in the active mode, В = ns ma = aT = 100, and ig = ic + ig = 10mA +0.1mA = 10.1 


mA. 
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4.12 For the tabulated devices, 


Їс ImA Ic — 1.00 
b) Jp = — = —— = 20НА; Ig = Ic + Ig 214.0272 1.02mA; = — = —— = 0.980. 
(b) Is B 50 HÀ; Ig = Іс + Ip mA; Q ТЕ 102 0.980 
(c) Іс = alg = 0.98(2) = 1.96mA; Ig = Ig — Іс = 2 – 1.96 = .О4тА = 40рА; B = — = Li = 49. 
Ig . 
Ч, 0.995 | 
Ic = 1 = = ———- X 0.01 = 1. |: Ig =l zl. :01 = 2. : 
(d) Ic = BIg г- 92 0995 0.01 1.99 mA; Ig = [Ic + Ig = 1.99 + .01 2.00 mA 
Ф 
= eo ш 199. 
р 1-0 1-.995 dd 
p 10 lc _ 100mA 
= = ———/[р = х = 10 | Ig = — = ——— F 10 А; 
(c) dlc a р d Ig 104 1 110 0 mA B В 10 m 
C 100 
= T 48177 0.909 
| 1 
(d Ic =B Ig = 1000 x 0.001 = ImA; Ig = [с t lg = 1 + 0.001 = 1.001mA; «= T = TA 
E 
0.999. 
4.13 
E aiE- pia | аіє= pie 
La 
{іє 
The controlled sources сап be labelled & ig ог B ip where © ig = В ig 
4.14 Generally, ic = Iş e "7. 
For n = 1, at ImA, 10? = Ig e725 — — — — (1), and at ОЛА, 107 = Iş e" | —— — (2). Now, 


dividing, 103407 = 100-0925 = 10*. Taking logarithms, 700 —v = 25 In 107 = 230. Thus, v = 700 — 


230 = 470mV, or 0.47V. 
For n = 2, see v = 700 — 2(25) In 10^ = 700 — 2(230) = 240mV, or 0.24У. 
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4.15 Generally, for the base open, ic = B ig = 100 cgo. | 
At 25°C, Ісво = 0.1nA, and ic = 100 (0.1 х 10°) A = 10nA. 
95 — 25 
At 95°С, Ісво =0.1х10?х2 10 210719 х 274, whence іс = 100 x 1071? x 27 = 1.2814. 


0А 
4.16 QAFAR - 100, юэ ний junction area. Thus Op = 100 = 1 E p 100 = 0.00993, and 
R .009 | 
= = ——————— = 0.0092 = 0.01. 
Be = 72 Oe 1-000993 66 
SECTION 4.3: THE РХР TRANSISTOR 
4.17 For © = 0.975, В = 222502 29213 = 39. For Ip = 10НА, Ic = 39 (10)рА = 3.90рА = 0.390mA, 


1-0 1-.975 
and Jg = 390 + 39 = 4294A = 0.429mA. Generally, Ugg2 = веј + nVr ln icyic;,. Thus at ic = 


0.390mA, vps = 700 + 25 In n = 676mV. 


4.18 For Dg, 15/3 = 1077 A, and for Dg, Ig/a = 107! A. Thus, Ya = 1072, or o/p = 1072. Correspond- 


ingly, MEE = 1072, or B+1= 100, and [ = 99, 


Now, ic = Is e 4¥25(1) — 99 х 10713 е257 = 1.46A! Note that this is a large transistor, a 14.5-Ampere 
device (where 107!! ¢72 = 14.5А). 


SECTION 4.4: CIRCUIT SYMBOLS AND CONVENTIONS 


4.19 
(a Here, ig = 1 = ImA, independent of ogg or D, Ve ranges from —0.6V to —0.8V; ic = о ig ranges 


10 
шинэ (11254 — — — (1) = 0.997mA. 
10 7) 0.909mA to 3 | (1) m 


(b Ус = Vcc - Rc lc, ranges from 10 — 5 (.909) = 5.45V to 10 — 5 (.997) = 5.02V. 


No, Vg variation has no effect on Їс or Vc. 


from 


10 


(c) For Vcg 2 0, at the largest value of ic, Rc іс S Vcc — 0 = 10V, whence Rc S “097 = 10.03КО 

(use 10kQ). l 
4.20 Here, ic =O (1 +i). Now, for high D, о = 1 and ic = 1 + 0.1 = 1.1mA. For В = 10, с = E = 
0.909, and ic = (1.1) (909) = 1mA. For high B, the largest allowed Rc is limited to be Rc = 2- ын 


9.90КО, and uc = 1(0.1тА) (9.09kQ) = 0.909V peak ог 1.82 Vpp. For В = 10, vc = 0.909 (0.1mA) 
(9.09kQ) = 0.826V peak, or 1.65Vpp. 


4.21 For Vg = 0.7V, use Rg = (0 —0.7 — —10)1 = 9.3kQ. . Now the largest ic occurs for small Rg, small Upgg, 


and large В. That is, ic max = Ет х 1 = 1.021mA. For active-mode operation, 


Rc S D = 9.79КО. Use 9.7kQ. Now for Rc varying by 1%, the lowest possible value of Uc = 


10 - (9.7) (1.01) (1.021) = —2.8mV. Note that operation is still in the active mode, since vg = —0.70V. 
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SECTION 4.5: GRAPHICAL REPRESENTATION OF TRANSISTOR 
CHARACTERISTICS 


4.22 Generally, TC = —2.0mV/'C. Now, for 10mA, at 25°C, Vgg = 700mV. Thus, for 10mA, at 0°C, М = 
700 + (0 — 25) (-2.0) = 750mV. For 10mA, at 50°С, Vgg = 700 + (50 — 25) (-2.0) = 650mV. For Увс 
constant at 620mV, at 25°C, i = 10e (620770025 = 9.407mA; at O'C, i = 10 e(620775025 _ 0,055шА, at 
50°C, i = 10 e(620-65025 — 3 012mA, a nearly 55 to 1 range!! 


AV 7 


423 Here, A ic = 2.19 ~ 2.10 = 0.09mA, for A Vcg = 9 ~ 2 = 7V. Thus r, = F 77.8КО, at ап 


average current of ( 2.19 + 2.10/2 ) = 2.145mA. Thus V4 = 77.8 х 2.145 = 167V. Correspondingly, at 
0.1mA, 7, = ын = 1.67MQ = 1.7MQ, and at 10mA, r, = 197 = 16.7kQ, = 17 KQ. 


4.24 At 100uA, r, = A = 2MQ. For an increase in Vcg from 5 to 50V, the increase in current is 
MIL = 22.5uA. Thus at 50V, the current becomes 100 + 22.5 = 122.5НА. 


SECTION 4.6: ANALYSIS OF TRANSISTOR CIRCUITS AT DC 


4.25 In general, assume the active mode initially, with a conducting emitter-base junction, then verify that the 


collector-base junction is not conducting. Since B = 50, a = I = 0.98. 

(a Vg = -4V; Vg = -4 407 = -3.3V; [к= — = ImA; Ic = 0.98(1) = 0.98mA; 
Ig = E = 19.64A; Vc = —10 + 4.7 (0.98) = —5.39V. See this is OK; operation is in the active 
mode 

(b Vg = —6V; Ve = —6 + 0.7 = -5.3V; Ig = — = 1.606mA; Їс = 1.606 (.98) = 1.574mA; 
Ів = c = 31.4рА; Vc = —10 + 4.7 (1.574) = _2.60У. Since Vc is well above Үд, the transistor 


is saturated. 
In practice, in saturation Ugc = 0.2V. Thus, Ve = Vg -02 = -5.3 -0.2 = —5.5У, and 
——_—— = 0.957mA, with Ip = Ig — Ic = 1.606 —957 = 0.648mA. 


4.7 
2——1.3 0.98 
(c) Vp2-2V;Vpgp-2-2-4072-13V;lgz тэргээ ImA; Їс = 0.98mA; J, = 7S0 = 19.6рА; 


Vc = —8 + 4.7 (0.98) = –3.39У, See OK, active. 
(d) Vg = 0У; Ve = OV. Thus the transistor is cutoff. 
Vc = —10V, and Ig = Ic = Ig = OmA. 


Ic = 


(e) Vp = -4V; Vps-4-07 = 47V; Ip = a = 1.128шА: Ic = 1.128 (0.98) = 1.105mA; 
lg = m = 22.1НА; Vc 20 — 1.105 (3.3) = -3.67V. Since Үс > Vg, operation is in the active 
mode, as assumed. 

“0 Vg = -6V; Vg = -6 -0.7 = —6.7У; Ig = M = 0.702mA; Їс = 0.702 (0.98) = 0.688mA; 


Ig = 13.8рА; Vc = 0 — 0.688 (3.3) = -2.27V. Since Үс > Vp, this is active-mode opera- 


tion, as assumed. 


_ 0.688 
50 
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4.27 


4.28 


4.29 


(а) 


(b) 
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Vg = -4V; Ve = 4 + 0.7 = -3.3V; Ig = ——— = 0.5mA; Thus, Rg = ёс = 6.6КО. Now, 
Е | 


Ic = 0.5 x 1 = 0.5тА; Ус = —10 + Rc (0.5) = Vg — Vgc = —4 —0 = —4V; Thus, Rc = zr (4 + 
10) = 12kQ. | | 


Viso Vee 6 йй ЗМ o 0 SAS ис Жыш = Now 


Кє 5 
Vc = -10 + Rc (0.5) = Vg — Vgc = -6 – 0 = –6У. Thus Rc = ae (-6 + 10) = 8kQ. 


Assume active mode, with forward conduction of the base-emitter junction. 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


Ve = OV; Vg = 0 + 0.7 = 0.7V; Ip = 19-97 = 931A; Ic = 934A х 10 = 0.930mA; I; = 930 + 


93 = 1023рА = 1.023mÀ; Vc = 10 — 2k (0.93) = 8.14V. 


Ук = +10У; Vp = +10 — 0.7 = 93V; Ip = шэн = 93нА; Ic = 93 (10) = 0.930mA; Iz = 11 (93) 
= 1.023mA; Vc = 0.93 (2) = 1.86V. 
Vg = OV; Vg = ОЛУ; Ig = 1007 _ 0:7 = 934A — 704A = 234A; Ic = (23А) 10 = 


0.230mA; Г; = 11 (23) = 0.253mA; Ус = 10 — 2 (0.23) = 9.54V. 
See that Vg = OV, and that if the transistor conducts with Vg = —0.7V, that the current in the upper 
100kQ will exceed that in the lower, providing no net base current. Thus the transistor is cut off, 


100k Q 
with Vg = +10 — (10 — —10) 100kQ 4 10050 ОУ, Vc ---10У, and Ig = Ic = Ig = OMA. 


Assume active mode, and consider the base-to-emitter circuit: Thus 0 — 10kQ (fj) -0.7 – 
10КО (l£) = -10У. But / = (В + 1) І 221/g. Thus 10 /в + 10 (21 Jg) = 9.3V, whence 
Ів = LIC NN 42.27А. Thus, Vg = 0 — 4227 (10k) = –0.423У; Vg = —0.423 – 0.7 = —1.123V; Ig 


220 
= 21 (42.27) = 0.888mA; Ic = 20 (42.27) = 0.845mA; and Үс = +10 — 10k (0.845) = 1.55V. 


10V | | 
: = —— —— — = 32.26uA; Vg = 0 – 100k (32.26) = —3.23V; = —3. А 
As before: /в 100k + 21(10k) ОНА; Vp 00k (32.26) = —3.23V; Vg 3.23 -0.7 


= —3.93V; Ig = 21 (32.26) = 0.677mA; Ic = 20 (32.26) = 0.645mA; Үс = +10 — 10k (0.645) = 
3.55V. | 
10V — OV 10 


=-—— = ————- = 0.174mA; = 10 - 10k = 8.26V; = 
Here, Ig 105 + 14721 10+ 47.6 74mA ” б 4” О.(0.174шА) = 8.26V; Vp 
8.26 — 0.70 = 7.56V; Ic = 21 (0.174) = 0.166mA; Ig = оше = 8.29 uA; Vc = —10 + 0.166 
(10) = -8.34V. 


For Увк = 0.7V, the current in the base-emitter shunting resistor is 0.7У/10КО = 70pA. This flows in 

the resistor to 10V, creating an equivalent base source of Vag = 10 ~ 100kQ (701A) = 3.0V, with Крв = 

100kQ. Now, for the base-emitter loop and base current Гв, ЗУ — (100kQ) Ів — 0.7V — (В + 1) (3.3kQ) 
2.3 


Ig = 0. Thus, Ig = 3.3 (В+1)+100` 
For B = оо: Ig = ОША; Vg 23V; Vg = 3 - 0.7 = 2.ЗУ; Ig = EET = 0.697тА; Vc = 10 — 3.3 (0.697) 


= 10 - 2.3 = 7.7V. 


For В = 100: /в = 


2.3 


—— = 5.35рА; Vg = 3.0 — 5.35 x 107 (10°) = 2.465V; Ук = 2.465 — 
3.3 (101) + 100 HA; "B (107) Е 65 
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4.31 


4.32 
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0.7 = 1.765V; Іс = 100 (5.35) = 0.535mA; Үс = 10 — 3.3 (.535) = 8.23V. 


For B = 10: Ip = 


2.3 


— = 10.87НА, = 3.0 - | 1) = 1. ‚ Vos. „07 = 
33 (11) + 100 874A; Vg = 3.0 — (16.87) (0.1) = 1.313V; Vy = 1.313 — 0.7 


0.613V; Vc = 10 — 3.3 x 10° (16.87 x 1079) (10) = 9.44V. 


From the solution of P4.29, Vez = ЗУ, Rgg = 100КО. 
| 2.3V 
For В =œ: Vg = 3 — 0.7 = 23V, z= =0. | 
or p E 7 with ГЕ 10 0.697mA 
(B + 1) (2.3) 23 
F rally, Jg = (B + 1) 4g = — SS -—————-. 
or B generally, fe = (B+ 1) в = 47 3 7 1100 ^ 334 100 1) 
Ч О (0697) =. 5576 ога ае о ог 10048 + 1) = 
' 3341001 — ^ "^ ф41 055796 | "^ 7 


0.8248, B + 1 = 100/.8248 = 120, whence p = 120. 


10k 
А -—— — (9У)- 3V; = 10k Il 20k = 6.66kQ., 
Here Үвв 10k + 20k (9 ) Квв Ok 1 20 
(a) ForB = оо: Vg 23V; Ve 3-077 = 23V; Ig = I. = 2.3mA; Ус = 9 ~ 2 (2.3) = 44V. 
Vcg = Үс Ex VE = 4.4 -2.3 = 2.1V. | 
3-07 | " Ш | 

(bì) For B = 100: Е = rel 7 2.156mA; Ук = 2.156 (1k) =  2.156У, 

Vc = 9 — 2k (2.156) x 100/101 = 4.731V; Vcg = 4.731 ~ 2.156 = +2.575У. . - 
(c) For В = 10: Ig = КҮКҮ = 1.432mA; Ук = 1.432V; Үс = 9 — 2 (1.432) 10/11 = 6.396V; | 

Vcg = 6.396 — 1.432 = 4.964V. 
(a) Let lc =i. From the supply to ground: 10 = 1Ok(i +i@ +1) + 100k( +i) + 0.7, or 


(b) 


(с) 


(4) 


10 i + 10 1/50 + 100 i50 = 9.3 — 10/ — 1007. Thus 122i = 9.3 — 110/ — — — (1), or 
‚ 93 — 110 (.02) 274 | 51 
сеи = = 0), = Íc, ‚ = 10 — 10 (.02 + — (0.582 
122 „Ori 122 0.582mA = Ic, for which Vcg = 1 (.02 + 50 ( )) 
= 3.86У. 
| 07--10 | | 
For Vp = 0JV, ор = EC = .0191ША. From the previous result (1) in (а): 
i= 22-ы = 0.590mA = Ic, and Vcg = 10 — 10 (.0191 + ын (.590)) = 3.79У. 
For Vg = 07 9 [33 = E = .0212мА. Thus, Jc = 22-20000 = 0.571mA, and 


Veg = 10 — 10 (0212 + 2i (0.571)) = 3.96V. 


Let the base voltage be v and base current be і. Thus, © = 0.7 + (В + 1) i (1k)=0.7+51i - 
— — (1); Vc =v + 100k (v/68k + i) = v + 1.47 v + 100 i = 2.47 v + 100i — — — (2); Also 
Vc = 10 — 10k (В + 1) i + %/68К) = 10 – 510 i — 0.147 ù ——— (3). Now (3) with (2) — 2.47 
v + 100 { = 10 ~ 510 i — 0.147 v, or 2.6170 + 610 i = 10 — — — (4). Then (4) with (1) — 


2.617 (07 + 51 i) + 610 i = 10, or 1.832 + 133.5 і + 610 і = 10. Thus, 
1 


0 — 1.832 8.18 
l = 133.5 4 610 = 743.5 = .011ш\А, whence v = 0.7 + 51 (.011) = 1.261V, and Ic = B i = 50 


011) = 0.55mA, Ук = Ik (B + 1) i = 1 (51) (.011) = 0.561V, Vc = 10 — 10k (51(.011) + 
= 10 — 5.61 —.185 = 4.205V. Thus, Vcg = 4.205 — .561 = 3.69V 


1.261 
68k 


) 
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4.33 
*15V 15-0.ТУ *165V +14,3V 
: дэн = =) 4... 101k = 

| "VE " 100 < _ _ | 10К B | _ 
For B = оо: Үд = 100 + 200 kein SV; Vp 25-072 43V; Vc = 15 10k (4.3) 2 10.7V; Vp = 
10.7 + 0.7 = 11.4V; Ук n TT. lk = 3.6V. 
For B = 100: At node A: Va, = SV, and RA = 100kQ || 200kQ = 66.7kQ; 

5 ~ 0.7 x " | _ M 
Ig = ТОКО, + 66.7101 = .4034mA; Vp = Ik (.4034) = 4.03V; and Va = 4.03 + 0.7 = 4.73V. 

At node С: У 215- "lur (0.7) = 14.94; R = 10k Il 101k = 9.10kQ. Now, from the collector at | 
node C, / 2 0.4034 x I = 0.399mA. Thus, Vc = 14.94 -0.399 (9.10) = 11.31V, and Vp = 11.37 + 
0.7 2 12.07V. 


Ө, -2000 


Thus, Ve = 0 + Ik ( T 101 


SECTION 4.7: THE TRANSISTOR AS AN AMPLIFIER 


I -6 
4.34 Generally, g,, = vo For ІрА, 8m = P = 40 x 10$ = 40рА/У; and for 100ДА, g,, = 4mA/V; 
T 
for ІА, g, = 40mA/V; for 100mÀ, gm = 4A/V. 
Vr «Vr a | Үт _ Үг В 
4.35 At the emitter, re = —— = —— = — = . At the base, r = —— = —— = — = (В + 1). For 
ý ЇЕ Їс Em Em 0.99 й Ig 10 Em ыг E 
В = 100, a = 0.99. Now, for Ic = 1pA, r, = —— ——— = 24.75kQ = 25kQ, гу = ————; = 2.5MQ; 
| 40 х 10 | 40 х 107 


for 100НА, re = 2500, ry, = 25kQ; for ImA, re = 250, ry = 2.5kQ; for 100mA, re = 0.250, rx = 2500. 


о ГЕ lg ; 
V = Ve The voltage across R; = Ic R, = © Ig R, is a constant, К. 
T T | 


4.36 Gain = —g, RL, where gm = 


Thus Кү = 5 , for which the | gain | = 01 х —— Е 2.29 a constant! Thus the gain is constant. 
i a 1 5 Vr © Ig YT E 
There is no gain variation possible. The bias current does not matter, if the load resistor is varied this 
way! 
Vr 25x10? | 
4.37 "Тһе input resistance at the emitter, r, = mom 100 x 105 = 25002. The input resistance at the base, 
E | 
rg -(B--1Dyr, = 151 (250 = 37.75kQ. Те voltage gain, Баѕе-іо-соПесіог, is 
a Ry 150 , 10kQ 
- = — = —39.73V/V , 
Г; 1317 7250 
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4.38 The collector load is the 100kQ resistor from collector to (grounded) base. Now, Jz = ImA, 


aR 
and г, = an = 25Q. Thus the gain = — pou z= DE = —4000V/V. 'The resistance "seen" by 
th Us is re = 250. Now, for Rs = 750, —- = zz - A, and — = — x —% = -4000 x 
e source 05157, = . Now, for Rs = a 725475 Am по соо 
А = —1000V/V. 


SECTION 4.8: SMALL-SIGNAL EQUIVALENT-CIRCUIT MODELS 


4.39 


Үе Ve ү, , Fe 
See v = Эр, , and g,' Up = 8m V= ————— | v,... Thus =g,———, Now 
— be » $m “ье Em Em r, + ГЕ be s Em = £m r+ te ; 
Vbe ’ оь : 1 Үе 
, , , , , = 
ry = =O. mem V = = Se, Е 
п i be r, + TE 8m Чье r, + rg Em r, + rp 8т r, + ГЕ 


+ e + 
NONU ыг (В+ 1) (7. + rg). Now, for Ic = 1шА, re = 250, and rg = 37, = 750, 


Ls 8m Ге l-a 

Zu TS = 401:05 495) ЗО Oy and gee С oe (ee а 

гт = (B +1) (re rg) = ( = 10. a тщ еа 

100101 E 
= = 9.9 x 103A/A = 9.9mA/V. 
25417522 T 
4.40 

(a) 
See directly (with either Т„„ or Ta) that 
LE kn X V., whence 
^" 25-0]kQ ^ ST 
Vo 
— = 0.976V/V. 


A) 
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(b) 
For Пин see 
rx 
Vo 5-8, V (Ri) NM e eae (Vs) x RL, 
Vo m i ra + Rs Em “L 
^ whence ы; = 23 x 40 x 1 = 
RL Dy 2.5 410 
gmV = pi 1ка -8У/Ү. For Пр, see v, = —B(i) Кү 
= В ыг Ку, wh 
т = = Rs m г. L», whence 
W PR ___ 1000) _ «үү 
0, Rs + rg (10--2.5) . : 
; : Vo 8т Vr R, 
(с) As in (b) with Ау = 0, —=-————=- „К = -40 x 1 = -40V/V, or 
: В R Us ryt Rs 
Vo L 100(1) 
шэ------- = — --40У/Ү. 
Ds Rs + rq 0 + 2.5 
(4) 
Vo a Ry 0.99(1k) 
=———— =—-————— =-—7.92У/У, 
Vs ro + ГЕ 25 + 100 PENIN 
Do Үе 40 х 25 
—— =—ег„ КЁ Х---- =————— z-8V/V, 
р ILI UV rg 254100 
with the former (using Ta) being more direct 
(е) 10kQ 
^ бее: бш Бо ЕШ... 2. аб 
Vs * Vs Bm NL Rp || rant Rs B 
2.5кКО > Vv Оту 1kQ x 1x ———— = -4.44V. 
/ - 2.5/2 + 10 ii 
2.5kQ ш 
| Vo aR | 
Since Ig = ImA, re — n E 07559) = 


= 250, and B ee mE -0.99 —297V/V. For a signal 


1тА 5 
voltage of OV, Ур = 10 ~ 7.5 (.99) (1) = 2.575V. For guaranteed active operation, Vcg 2 OV. Thus the 
largest allowed sinusoid has a peak value of 2.575 V -OV = 2.575V at the output, and 2.575/297 = 
8.67mV peak at the input. 


le 25 


i 

Now, i = Is e" in general. Thus - = е“ 
2 

(or i; = 1e 1925 = 0.6701 mA). That is, the current increases by 49%, ог reduces by 33%, for +10mV 


variation around the operating point. For linear operation over а +10mV input range, a current of 1.491 


ТЭ" and for ij = [mA initially, i; = Je'0? = 1.49ImA, 
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must be tolerated. For vc, 2 0, with J = ША, ee = 1.49 1 = 1.49mA, and Rc 5 sees < 
Rc 1.49mA 
6.7КО. 
25mV VA 200V | 

4.43 For ic = 100ДА, re - ТИЛУ = 2500, апа r, = de = 0007 =2 х 10%. Thus, the gain 

D aR 

d Re 2x105802x105 __ оругу, 

Vj Үе 250 


4.44 For 0 across Ше two-terminal device, the voltage across the base-emitter junction is 
К | ll ln : 
Ug = —————— 
"Ry lrg Кә 
1 Em (R, | г) 


; vV 
For this situation, the total current, i = ——————— + Dv, =v |n +. ——_—————_ 
кіл + R2 ons Rill rg, + R5 R, Il r& - R2 


1+ Em "x Кі 
R4, rg | R yer eR, 


zy : 
lr К, R,Rotr,Rotr,R | 
Rau ——— | 
R, rg 
| о  Rj,Rocrg«(R,- R2) R, R2 "S 
Thus, resistance r го. = NEED = 8-1 +r. (Ri + R3) Wr, + Ry). 
Кә+ г (1+ RZR) Oty lx 


——n— 9999 


(a) For M= Age SITE TERUEL Oe, Bed A 
rg rg (1+0) 


(b) For Ri =œ, Кә = гр, Е mep ces 


retr (1+ 1) Jr 
(c) For R| = R3 = ra r = ——————À— = — z3 re 
+В +1 шаг 
Fx 
4.45 
For vy = %,, small compared to v,, the gain is 
vV 
{з Ay = — = -gm (ro ll р, and the input current 
5 
— Àk s EE (1 -—g, (ro Ву» 
i, = — +0, m, 
+ ааг Ry 
+ + о, | 
Vs Vx Го whence Rn = — = 
l; 1 1 
- - gm Vr — 4 ————— 
Үл К,Ч + £m (Yo | Ry)) 
T 1+ £m (ro ll Rp 
- Bm Гө 
Now for К, = rg, the gain 15 Ay = —g5 (ro ll ro) = — 207 
dR | 22 | и |-2- | = 2r, that is, very small 
and Rn =r ——— |= ү -- | = 2r, that is, very small. 
5 i 1+ 8m r2 3 Em 
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4.46 


gmi Vri 


E 


Note that the emitter current of Q, is the base current of Qi, and therefore г, з = r4, and 
rk27 (Ву + 1) г. Correspondingly, v | = Vr = W2, and 8m2 = £u Y(Dr-1). By considering the input 


base current, see: ry —rrg2t (i D ret = (Bi + Drait (Bi 1) re = 2 (By + 1) в. 
By considering the output collector current, see: gm’ 0 = 0 | + &m2Un2= Emi 02 + 
(8m1 V2Y(B; + 1) | 


= (m1 W2) [1 + UB; + 1) ] = gm1 2. Thus gn’ = gay2. 


SECTION 4.9: GRAPHICAL ANALYSIS 


4.47 
With B = 200 and V, = 100V, for ig = 1, 2, 


O 


i 5, 8 and 10A, ic = В ig = 200, 400, 1000, 

Р үзү 1600 and 2000НА, and r, = V4/ic = 500КО, 
| 250КО, 100КО, 62.5КО and 50КО, with the 

2.0 current at 10V greater than that at OV, by 
1.8 N B | 84A 10/r, = 20, 40, 100, 160 and 200рА (ie by 
10% (= (10V/100V) x 100)) For Vcc = 


Е 10У and Кү = 5КО, the intercept is 
1.4 іс = 105kQ = 2А. 
1.2 а SpA For the operating point (Q), ig = 5A, 
1.0 | Vec = 5V from the graph, and ic = (5 
агт 50 lead line (00) (1 + 5/100) = 1050ДА, with ugc = 
ын 10 — 5kQ (1.05mA) = 4.75V. For a +3цА 
0.6 ^ 2uA peak input wave, operation varies from Q to 
1pA A to B to О above. At A: ig = 2A, Vgc 


н 2 << = 8V from the graph, with ic = 2 (200) (1 + 
| 8/100)LA = 432рА = 0.432mA, for which 
VEC Vec = 10 — 5kQ (.432) = 7.84У, and ic = 2 
0 1 2 3 4 5 67 8 9 10 (200) (1 + 7.84/100) = 0.431mA. At B: ig 
= UA, Vgc = 2V from the graph, with ic = 
8 (200) (1 + 2/100)НА = 1.632mA, and Vgc 

= 10 —5 (1.632) = 1.84V. 


Thus the output wave has a positive peak of 4.75 — 1.84 = 2.91V, at an output current of 1.632 — 1.050 
= 0.582mA, (Check: К’ = 2.91/0.582 = 5kQ}, and a negative peak of 7.84 — 4.75 = 3.09V, with a 
current of 1.050 — 0.432 = 0.618mA, (Check: Кү” = 3.09/.618 = 5kQ}. 
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Note that the positive and negative peaks are different, indicating that a (small) signal distortion results. 


For a +10ҢА peak input wave: See from the graph 
that for base signals of more than -5ДА, ig 2 10A 
Current 10nA and the transistor saturates, and that for signals less 
SpA than —54A, ig S ОНА, and the transistor cuts off. 
OpA For this situation, the output is clipped for 50% of 

-10 + 5 = = 5A the cycle. 


10V 
ov 


SECTION 4.10: BIASING THE BJT FOR DISCRETE-CIRCUIT DESIGN 


4.48 


4.49 


4.50 


| , Кв Узв — Үвк 
From Fig. 4.39b), in general, Zg = (Увв — Var Y Reti . For В = оо, [p = иж 1. Рог 
E 
Ig = .99 1 E жЕ ЕГ. ог 8-12 100 2. For Re = Rg, В + 12100 or В = 99. That is, for 
BOUT Bel 100 ^ Re сл " i i 


B 2 99, Ig is within 1% of its maximum value. 


Alternatively, one could interpret the situation to mean +1% of a nominal value, where the largest occurs 


for В = о, and знн nominal for В = 99, where T p s and the minimum where Bi = id00' 
for which В = E —1 = 49. | 
Vee — У, Яс 
See that Ирр = E = 4V. Generally, / = PENES эж Here, 100mA = е. Thus 
B | E 
| Rg + Rg + = X — 
8 pul EU SD 10 
Rg = 2) 1 2. х EN = 0.03005kQ. Practically speaking, use Rg = 30 Q, with Rg = В Re = 
100 51 10 | 10 
К 
50(30)/10 = 1500. Now - x 12 = Vez = =, whence 3R2 =К + R3, or Ri = 2R2. Now, since 
| 2 
Ку Кә 2К (К) 2 3(150) 
К = = ———, ———— = 150, or — К» = 150, or К) = ———- = 2250, -2К,- 
К, | 2 150 R, +R, ЗЕ; 50, ог 3 К, 20, ог 2 2 59, and К, 2 


4500. For a conservative design, use smaller values, such as R = 2002 and R; = 2(200) = 4009. 


V 
Now, for Ig = 100mA, Їс = = (100) = 98mA, and Rc Їс = = = 4V. Thus Кс = m = 
0.0408kQ, for which use Кє = 40 Q. Now, for the design overall: Re = 30 Q, Rc = 40 Q, А, = 200 


ы 2 үе 221212 ч 
О, Ri = 400 О, where Ry = 2001400 = 2-0 - = 133.30, and Vas = 60 z0 X12 = AV. 
4-07 50 
, Ig LM Pu = 101.2mA, Vcg = 12 -0. = | 40-0.101 = 4.995V, and V 
Thus, Ї = z 7357 = 101.2mA, Vcg = 12 -0.1012 | = | 1012 (30) = 4.995V, and Vcg 


= 4.995 — 0.7 = 4.30V. 


Assume Ig varies 5% over the entire range of B, from 20 to oo. Assume that for +1V output, the base 
signal is very small. Further, assume that V= OV, and that operation is for св 2 0. Now, for a -1У 


output signal and ф = оо, — = Iç = Ig =4mA. Since Vg = -0.7V, Re = A = 1.075kQ. 
In practice one would use Rg = 1.00kQ, in which case Vc 2 5 — 1k(1) aces = 0.7V, and the 


collector goes to -0.3V with а [У signal peak. For Re = 1.075kQ, Ig = 0.95 (1mA) = 
2 whence Кв = 21 ын - 1.075 | 2 72.5kQ. In practice use a smaller (standard) 


| B 
1.075 + 2041 
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4.53 
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value, say 68kQ. 


5-07-0.5 1.056тА 
3 6kO E 1.056mA, and J, = 200 
0.5V 


B = FISIA WA = 95.2kQ. {In practice one would use a 100kQ resistor.) Now, for B = 50, 5 — 3.6 Ig — 


Ig 5 ~ 0.7 
95.2 5041 —0.7 = 0, or Ig = — 952 


3.6 + —— 
51 


For Vcg = 0.5V, and В = 200: Ig = = 5.25НА. Thus, 


= 0.787mA. That is, with Rg = 95.2kQ, Ig varies from 


1.056mA to 0.787mA and, Усв from 0.5У to 9527 = 1.47V. 


Alternatively, with Rg = 100kQ: For B = 200: [к = —ÓÁ— = 1.049mA, and Vc; = 100 4.049) 029) E 


—À 07 Z 0.773mA, and Vcg = 100 2-773) = 1 si6v. 
100 511 
3.6 + ETE 


0.522V. For В = 50: Ig = 


I V, 1 
For this situation, the "base" current is Jp = ыша qoos ow Now for B = oo ,and Beg = 200, 
eq 


p + 1 Кр + 1 
= 0.7 (201) CoD. Now, for Vcg = 0.5V, B,, = 200, Усс = 5V, Rc = 3.6kQ, Ig = 20507 = 
E 


3..6k О 
1.056mA. Thus, Rp = S = 1332kQ. In practice, use a (smaller) standard "value, 130КО, or 


120kQ as it is more commonly available. With Rg = 120kQ, Ig = Wu 
85.8kQ. In practice, use a larger standard valuc, say Rg = 91kQ, for 


_ 5 – 0.53 - 0.70 


0.5 
5.83дА 
which Vcg = 91k (5.83uA) = 0.530V, and / = NEC, лаша 1.047mA. Now for B = 50, base 


current flows in Rg to produce a voltage drop which combines with a constant voltage drop of Vg = 


, Vcc — Vg- Vee 5 – 0.53 – 0.7 
: R : ‚ГЕ = Е = > = 0.700mA, wi = 5 -3. 
0.53V in Rg due to Rg. Thus, ЈЕ Re + RAB + D 3.6 + 951) 700mA, with Vcg | 5 —3.6 


(0.700) —0.7 = 1.78V. That is, for Ар = 120kQ, Rg = 91kQ, and В 2 50, Ig varies from 0.700mA to 
1.047mA, while Vgc varies from 1.78V to 0.530V. 


Rp 


= 5.83pA, and for В = co and 


Ү св = 0.5V, Кд = 


| 


For Beg = 100, and using the solution for P4.52, Юр = MA = 66.95kQ. Use 68КО as very close 

(though larger). Now Ig = MC = [0.34A, whence Rg = E = 48.5kQ. Use 47КО as close (though 

smaller). For these choices and for B = e», Vcg = T х 47 = 0.484V, and Ig = тля A = 

1.06mA. Now for B = 50, Ig = Soe et = 0.844mA, and Vcg = 5 — 3.6 (.844) –0.7 = 1.26V. 
3.6 + 51 


In Fig. 4.42a) of the Text, Z= 1 mA. For В in the range 40 to 200, base current ranges from 
141 = 24.4рА to 1201 = 4.9844. The lowest the emitter can operate is at —-5 V. The lowest the base is 
allowed to go is —5+0.7= — 43 V. Thus the largest acceptable Rg = 4.24.4 x 10 * = 176 КО. 
For Ар = 176 КО, the base will range from — 176 x 10° х 24.4 х 106 = – 429 V to 
— 176 x 10° x 4.98 x 10% = — 0.876 V. 

Now, at low P, ra = (В + Dr, = (В + IV = 41(25 x 10?y1 x 10? = 10250. 


Thus consider Ёв = 100(1025) = 100 КО, in practice. 
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The base voltage now ranges from -100х107х244х109- - 244 V ә (о 
- 100 x 10° x 4.98 x 10'* = — 0.50 V. 


As you will see in subsequent Sections, the 100r, design allows 99% or so of the signal currents applied 
to the base lead to enter the transistor. From the signal point of view, this is a very efficient design. 


For Vez = 0.7 V, the drop across R is (5—- —5—0.7) = 9.3 V. For I = 1 mA, use R = 9.YlmA = 
9.3 КО. From a practical point of view (See Appendix Н of the Text) a resistor of 9.31 КО 15 available 
on the 1% scale. If a lower cost resistor were needed, 9.1 КО + 5% unit would be acceptable. The out- 
put current / remains essentially constant provided Q, does not break down or saturate, from + 5 V or 
more to — 4.8 V or so (if Vcg. = 0.7 - 0.5 = 02 V) 


SECTION 4.11: BASIC SINGLE-STORE BJT AMPLIFIER 


4.56 


4.57 


4.58 


CONFIGURATIONS 
As is customary, ignore V4 in the bias calculation: Directly, Ig 10.0тА. Thus, Ic = (100/101)10 = 
990 mA and /с = 10.0(101)=0.099тА. Thus Vg = 0 – 0.5(0.099) = — 0.049 V, and 


Ук = — 0.049 — 0.700 = — 0.749 V. Now Vc = Vcc — Ёс1с = 10.0 — 0.5(9.90) = 5.05 V. 


For this bias situation: gm = [с/г = 9.9025 = 0.396A/V = 396 mA/V, г, = ҮЛЕ = 25510 = 2.50 Q, 
r¢B + 1)r, = 101(2.50) = 252 О, r, = Vac = 10049.90 x 1073) = 10.1 КО. 


Using the result of P4.56 above: Rj-2r4,2 252 О, R,-Rclr, 05k I 10.1k = 4760, 
Av = Dos = — B(Rc Il r;,WRg + ra) = — BRAR, + К;) = — 100(476у(500 + 252) = - 6.3. V/V, 
А; = diy = —BrAro + Re) = — 100(10.1&)(10.1k 40.55) = — 95.3 A/A. 

For A v with a 500 Q load there are two approaches: а) the direct, and b) the Thevenin: 

(a) AD= —[ (Кє lire ПА, Ау + rg) = — 100(0.5 11 10.1 il 0.50.5 + 0.252) = — 100(244/752) = - 


32.4 V/V. 
(b The amplifier as a Thevenin equivalent voltage gain, Ат = А = — 63.3V/V with a Thevenin 
equivalent source resistance К, = 476Q. Thus with load, 


Av = АлоК KR, + Ко) = – 63.3(500у500 + 476) = — 32.4 V/v. 


When comparing with the results of Exercise 4.31 in the Text, we see that with ешыште scaling 
that the voltage and current gains are essentially constant. this is reasonable, since we are dealing with a 
linearized circuit model. Here, even the nonlinearity associated with bias design is eliminated by the use 
of the constant-emitter-current bias design. In general, for such designs, parameters scale by the same 
factor, and gains are constant. 


The need for highest-possible gain for a fixed load implies a large bias current: Thus, for В = оо, Vg = 0 
and for +1У swing, and vc 20, Ve = 0 + 1 = IV and Ic = Ig = 21 = 0.8mA, whence 


0-07--9 aid 
Rg = m = 10.38kQ. 


Now, if we use Rg = 10КО (as a standard value), we see that ос falls to 0.7V (for В = оо) with осв = 
-0.ЗУ, which is often acceptable for linear operation. Otherwise, use Rg = 11kQ. 


For Rg = 10КО: With В = o: Ve = —0.ТУ, Ус = 40.7V, Ic = 2! = 0.83mA; re = T - 30.10; 
100V | 10k İl 120k 221 
Fg = оо, г, = 083 ^ 120.5kQ, 2 = — — 301 . = —307V/V, and for +1V output, vo, = v, = 307 
= 3.26mV. 
-9 + 0.7 90 9-152 

d: Vas. ov 400 4725: 5201(д: 4 Se T Vo S9 e 

With B = 90: Ук “Тод + 91(108) ЕТЕТ ма 
25mV | 100V | 

10k (740) = 160V, re = SE = 33.8mA, гу = 91 (338) = 3.074KQ, ro = (1 mA, X. 
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4.59 


4.60 


4.61 


4.62 


4.63 


4.64 


SOLUTIONS: Chapter 44-17 


90 (10k Il 135k) | v, 3.07 90 (10k Il 135k) 
_ 2900511355) _ балуу. | | = 3:01 20 00611355) 
3.074k + 10k ? шшш lien 1043.07 ^ 91 33.8 
3.07 


—64.0V/V}. Now for ШУ output, v, = = 15.6mV, and v, = (15.6) = 3.66mV. 


1 
64.1 10 + 3.07 
Approximately, since the resistor through which base current flows is Rs = Rc, Ig is essentially fixed at 


10 — 9.7 _ 0,930mA for reasonable В. Thus, г„ = ud 26.9, and r, = 2009. = 215kQ. Now, 


10k 0.93тА 0.93 
v, 1.37k M 10k SO 106 ll 215k 
ГЭЕ 50 Poss 069) Лако and - emm A OU UR LADO га 
or p а= Oh Api) ч. 137k 110К € lOk ^ 51 ^ 269 Pus 
098 x 355 = -375V/V. Now for, В = 150, re = 151 (269) = 4062КО, and 


Vo 4.06 Il 10 150. 10k Il 215k 
— = - У X —— X ————— = —0.224 x 0.993 x 355 = —79.0V/V. 
Vs 4.06 11 10 + 10 151 26.9 PIR R шаш 


From P4.59 above, Ig = 0.93mA, r, = 26.9, and r, = 215kQ. For B = 50, ту, = 51 (26.9 + 100) = 
Vo 6.47 1110 50. 10k Il 215k 
6.47kQ, and = ——— = 


БЭР х 24 x AEE BEDOK | 0282 х 0.98 x 753 = -20.8V/V. Е 
v. 64710410 ^ 51 100+ 26.9 : пее 


о, 19.2 Il 10 
= 150; rp = 151 (26.9 + 100) = 19.2КО, and — = — ———— > 
150; гь = 151 (26.9 + 100) БЕУ 19.2 1 10 + 10 


see that the design using unbypassed resistor in the emitter is relatively insensitive to D variation. 


x.98 х 75.3 = —29.3V/V. We 


Vo : = 
For each transistor, J; = IMA, г, = 25Q, апа r = 151 (25) = 3.78kQ. Thus —— = — fo ee 
Vp2 151 25 
Vp 
= -199V/V. Now, Куз = 3.78kQ, and = = – 125 aa = -109V/V. Now №, = 3.78kQ, and 
bl 
Doi 3T8K 8 0274VIV. Thus —- = .274 (-109) (-199) = 5934V/V. 
Vs 10k + 3.78k Vs 
R; = (В +1) (re + Re) = 10КО, r = 2 = 125Q, B = 50. Thus 10kQ = 51 (125 + Rg), whence 
104 | | B (Rc Il Ri) 50 (10k Il 1k) 
шо--- = = А | It <i Se а LÁ 
Кє 51 125 710. Thus the voltage gain v,A, R +R, ТОК = 10k 
—2.27V/V. 
25mV Кв 2К, 
7 = re = = 8.330. Thus R; = Rg ll (re + ——— | = ЗК |! (8. —— | = Тг 
Ig 3mA, r, 285) 8 ius R; E M ir, 81 | | 8.33 + 151 | 3k ^| I 


21.58 = 2140 for B = 150, and 8.30 for В = о. Now, the gain from a 100Q source is: 


a (К ll Rc) 150 (1k Il 3k) 
= —————— | L F = 150, v = —— ———— = 6.14V/V. = оо, 
vA; ГЭРЭГ? in репега ог р As 151 1001214 6.14V/V. For p 
0,0; = n = 6.92V/V. For Rg = 0, the results for B = оо apply, that is / = 8.30 and 
v/v; = 6.92 V/V. 
For a base current i and Vgg = 0.7У, using KVL: 9 — 10kKQ (101 i + лаа) —0.7, whence 
0.7 Ру 0.7 
- j — ] =:0; — 1010 i – 0.7 – 0.7 – 10 i – 0.7 – - 
10kKQ (i + Токо? 10КО (101 i + ТИЙ, or 9— 1010; — 0.7 7 0 i — 0.7 – 1010 i 


0.7 = 0, 9 — 4 (0.7) = 2030 i, and i = 3.05414 A. Thus /c = 50 (3.054) = 0.153mA, Vg = 9 — 10kQ (101 


(3.054 x 10у + =) = 9 — 3.084 — 0.7 = 5.216V, Vy = 5:216 -0.7 = 4516V, Ус = 10кО (101 (3.054 
07 


x 1073) + ng) = 3784У.. Check: Vg — Ус = 4516 — 3.784 = 0.732 = 0.7 + 10kQ (3.0541A)m as 
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required. 

For all designs, all couplings arc via capacitors: 

(a) Source coupled to В; Load to E; (Ground to C) 

(b) Source to В; 10kQ coupled from E to ground (or (better) 10/3kQ from E); Load to C. 
(c) Source to B ; Ground to E, Load to C. EC 

(d) Source to E; Ground to В, Load to C. 


4.65 For all designs, Iç = 0.153mA, r; = uA = 163.40; 
(a) Since v, = v,, the shunt 10kQ can be ignored, and A, = и 0.968V/V 
porum БЛОГОО, and Aa 0.163 + 10k 1108 | 
(b) 
Uo | 
For — = -1V/V, and v, = v, the voltage 
* Vcc Vp 
across К; 15 20. Thus 
Кы = Ry ll Rc 1 К,2 = 10k Il 10k ll 5k = 
2.5kQ, and Же gain = 
_ Ruy _ 100 2.5k 
Ree, 101 10k 11 10k 
—0.5V/V. For К, = 103kQ, Gain = — n 
Uu = —1V/V. ^ 
10К Il E 


(c) For К large, the signal across Ry is essentially only due to the output voltage. Thus К, = 


RyliRclRy = = = 3.330, and the gain = – 22802 -20.4V/V. 


(d) Base is grounded, and the gain = +20.4V/V. 


4.66 

В = 50; Ул = 100V. Now for Jc = 0.1mA, 
100V 

сай a 
25mV 

= = 2500, Ri, = 2k Il 50k Il 1M 

e = 0.1mA 2: 

= 1.919kQ, 
Uo 1.919k 


Gain = ——————. = 0.885 V/V, Ring 


vy 250+ 1.919 
V 
= 101 (25 + 1.919) = 219kQ, Gain —- 


100 Il 219 EE 
ауте d бил 
1001219420 ^ 97/9. Thus gain -: 


0.775 x 0.885 = 0.685V/V. | 
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4.67 Iterate: Vga = ОЛУ, Vs, = 14V, Ip, 2 A х o 0.1024A. Thus, Vc; 14 + 0.1 = LSV, 
5-1.5 2.33 07 
E = 233mA, Ip) = = = 23.1HA, Ip) = = 0. = 0. 
C2 15 mA, 15; 101 23.1ДА, Ip, 68k + 23.1 |/101 0.334A. Thus, Үсэ = 0.7 
+ 0.7 + 0.33 x 109 x 1 x 10% = 1.73V. Thus, Ic, = fae = 2.18mA 


(a) See with R = 68kQ included, Ге) = 2.20mA, Ig, = 324A. Now, г) = 252. 20 = 11.40, rg; = 101 


(11.4) = 11480, г. = 25/032 = 7810, гад = 781 (101) = 78.9kQ. Thus, => = – 100 15k W 1k 
v 101 па 
1.148 1 68 : | 

= —52.1V/V, — = = 078141148 168 ` . , ». = —52.1 x 0.591 = -30.8V/V, with 


Rin = (1.148k || 68k + 0.78k) 101 = 193kQ. 
(b Now with R = 68kQ removed, the base current in Q, reduces slightly, and the collector of О» 
lowers by 0.1У ог so, with /c2 increasing Бу a 0.07mA. Thus /g; = 2.3mA, Ig, 23A, with 


rez = 10.90, ги5 1.098kKQ, rei =25%023 = 10870, and ғ = 110kQ. Now, 
ees а ДАМ ee 080) and е 506 0503-5 
Vp 10.9 . Vs 1.098 + 1.087 i Vs | | 
-27.АУГҮ, with Ri, = (1.098 + 1.087) 101 = 221kQ. 
| , IMQ 
Thus resistance seen by 9, for (a) is | TE | | 193k = 31.4 1 193 = 27kQ. 


SECTION 4.12: THE TRANSISTOR AS A SWITCH - 


CUTOFF AND SATURATION 
5—02 5-07 4.3 Ic 
4.68 Іс = TIS = 4.8mA, and Ig = К, тэ Ви ү Жа = 3. Thus 4.8 = 3 (4.3yRp, whence 
| 5—0.2 
(43) _ 2 To _ ik _ 4.8 
Кв = ил нийн 2.69kKQ= 207КО. Мом, „ги = p 3-07 = Rp | E Ё? апа 
Rp 
Кв < 294 P= = 0.448 ВКО. 
8 2 

4.69 


(а) v, =0V — О, cutoff, and Q, saturated; 


(b) vw = SV > 0, aturated, and Q, cutoff. 
1с 5 – 0.2 5-07 | 48 
= oOo = 1.12. 
Вота = 7 IkQ | | 1kQ k 3 


- 219 - 


4.70 


SOLUTIONS: Chapter 44-20 


(a) Assume the transistor is saturated. Working on the diagram: 


* 10V * 4.3V + 9.8V 


(4.3+9.8)/2 = 7.05V 
ока Злоко E 
10k//10k 
10 k 
а $10kQ dà 


—0.7 Y -—02v E 
E 


| 1тА 
T 1 mA 


Ve = 7.05 — 5kO(1mA) = 2.05V, Vg = 2.05 + 0.7 = 2.75V, Үс = 2.05 + 02 = 2.25V, 


10 — 2.25 5- 775 
= =, 1 =z —— =, : 4 шш----- = 2.44, 
Ic 10k 775mA, Ig 10k 225mA, and Brorced 225 3.44. For the edge 
: 5-07-00 10- 0.2-0 , ; Е 
of saturation at V = Vz, 10k 100 = 10k ‚ for which 430 — 100 v = 9.8 – v 
101 (9.8 — 4.24) 


99% = 420.2, and v = 4.244V, with J = = 0.561mA (at the edge of saturation). 


100 10k 
(b) For saturation: Vc = 5V, Ук = 5 — 0.2 = 4.8V, Vg = 4.8 + 0.7 = 5.5V, Ic = 1 — 0.1 = 0.9mA, and 


В, = aT = 9. For barely linear operation, J = Ig = (В + 1) Ів = 101 (0.1mA) = 10.1mA. 


SECTION 4.13: A GENERAL LARGE-SIGNAL MODEL FOR THE BJT: 


4.71 


4.72 


4.73 


4.74 


THE EBERS-MOLL (EM) MODEL 
For Be = 150, œp = 150/151 = 0.9934. Now, we are given Isg = 2 х 10A 
Since the BCJ is 40 times larger than the EBJ, Isc = 40lgg = 40(2 х 10) = 8 x 10°7!7A, and 


Or = (140) = 0.9934/40 = 0.0248. Finally, Br = T-a = Т—00248 = 0.0254. 
- Од — 0. 


For the forward active mode, ig = 100 mA. From Eq. 4.10, and for diode connection, 
ЇЕ = Isg (e — 1), since Vgc = 0. 
Thus, оре = Уг1п[ї&1$Е] = 25 х 10In[100 х 10772 x 107] = 673 mV. 


With this connection, operation is in the reverse active mode, with collector current flow in the forward 


BCJ direction, making ic in Fig. 4.55 of the Text negative. Now, in Eq. 4.107, Ic = — 100 mA, 
Use = О, the first епп is zero, and the — 1 is negligible due to the large value of vgc: Thus 
- 100тА = Igce 7 where Isc = 40lgg = 40(2 x 107ЗА), Thus 
Окс = Vac = 25 x 107In(100 x 107У(40 x 2 x 10) = 581 mV. 
Br 200 Ор Од 0.0199 
= ———— = — = 0,995, = —— = 0.0199, and = ——— = ————"_ = 0.0203. 
бк “лу лү 201 995, OR = 0 ands pe l-ar  1-—0.0199 


For normal saturated operation, with [p = 1 mA, Ic = 0, Bforced =, 
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4.76 


4.77 
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Vee, = Vrln[(1 + (Byorcea + ОВК — Drorcea/Br)] = 25 х 10?In[(1 + (0 + 1)0.0203)(1 — 0)] 
= 25 х 10?1n50.25 = 97.9 mV. 


1+ (Brorcea + Вк 
l- Brorced/Br | 


Now, for Ёр = 70 to 280, and, correspondingly, 


For the collector open, and 7g finite, Byorcea = 0. From Eq. 4.114, Vcg sar = Vr In 


] 
For Drorced = 0, Vee sa = Vr in Г + Br . 


Be +1 70 280 | OF 
Ор ДЕ cum = "p О 281 = 0.9859 to 0.9964, with ор = do = (0.0986 to 0.0996, and 


Q f 
ze 2 0998. үр 20229: ОЛОО о ОТ Тш, Ие 2518 [ + кы to 25 In 


Br = 1-0д 1-.0986 1-.0996” 0.109 


1 
| + oiii | or 58.0mV to 57.7mV. 


For Vcg sa = 100 mV, 


For open-collector operation, Byorcea = 0, and Vcg sa = Vr In f + 7 : 
R 


In Г + I" = = =4,1+ Яс = 54.6, and Bg = 0.0187. Now, for the circuit shown, assume Vcg 
R R 
E -6 
to be 100 mV. Thus їс =- 29.7" =—50дА. Thus Brorcea = By = Y. - -0.05. Now, 
| 1 + (By+1)Br 1 + (1 —05Y.0187 51.8 
VCE sa = Vr In Г 87%; = 25ln 12057100 ^ 251а 10005 ^" 98.67 mV. Thus 


vo = BL азу. 
| 1 + (1 — 0.170187 
Now for R, = К) = 5000, іс = – 100НА, and By = –0.1, and Усе ш = 25In— БЕК G1y100 - (C O.1y100 л 


49.13 97.3 
22107: : = —— = 48.7mV. 
251п 1001 97.33 mV, with Vg 2 m 


AV — (493 – 48.7) (mV) 
D m cni HD 2 190 
See Rcg sa ~ -A7 = 000 50) (HA) 


For Table 4.4, Be = 50, and Вк = 0.1. For the required table, Br = 0.1, Br = 50, 


current ee eas 223 = р; < = 0.1. The voltage from emitter lead to collector lead 
current in base lead [EE Б 


1+ (By + 1У0р 1 + (В; + 150 
И 22112211 ш = 25 In |1——————[- 
(from Eq. 4.114), is Vacs = Vr In |—1 6, | ог Ус 7 1 8,01 


By orced — 


1.02 + .02 By _ _ Е 1.02 + .02 (.09) 

25 In “1-10B; - Now, for В, = 0.1, Vee sat = 99. For By = 0.09, Үск sat = 25 In 1 — 10(.09) 
.02 + .02(.0 | 

= 58.1 mV. For By = 0.05, VCE sat = 25 In шингэний = 17.8 mV. For В, = 0.02, Vc sat = 
| | 02 + .02(.01 

25 In eee = 6.9 mV. For By = 0.01, Vcg sa = 25 In ae = 3.4 mV. For p, = 

| | 1.02 | 
0.001. Vcg ea) = 25 In 107 + AD - 0.75 mV. For f; = 0, Vcg sa = 25 In I - 0.50 mV. 
In summary: 
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0.000 


p forced 


VEc sat (mV) 


a .995 0.995 .199 
4. Я — > -— aa er = ‚ =: ——— ==» Я хас 2 — Se =» 
78 Here, Ор = 0.995 implies Dr го 199, and ов = 5 0.199 :02- Вв = 1% 


0.25. The limiting value . of forced В i 199. For Вуса = By < 199, 
1 + (By + 1)0.25 25) 5 + 4D; 
1-p,19 J 1 — .005B, 


Now for By = 199, 180, 100, 40, 20, 2, 0: For By = 199: Veg sy = ә. For fy = 180: 


Усе sat = 25 In 


5 + 4(180) 5 + 4(100) 
= 25 In ————— = 22 : - : = reine = ; 
VCE sat = 25 In ee 180199 = 293 mV. For By = 100: Vcg sar = 25 In Te 100199 ae mV. For В; 
= 40: Vce sa = 25 In T= 40199 7, 133 mV. For В, = 20: Vee sa = 25 In 1- 20199 = 114 mV. 
For By = 2: Vcg sa = 25 In I = 64 mV. For By = 0: Vcg sa = 25 In = 40 mV. 
These results are summarized in the table: 
Brorced 
Vec ш (mV) 
Now, for Ig = 10 mA, Jc = 1 mA, p, = = = 0.1. In normal mode: VCE sa; = 25 In 21400 = 
| =- —— 
| 199 
: 1 + (0.1+1)199 1.0055 
я . 1 = ———————|=25їш — = 12. í 
42.2mV. In inverted mode: Үгс, = 25 In | I — 0.1025 | Sin 06 12.9шУ 
4.79 8 
Е 200 
; Lm ee Щщ o—— = 4 , Ч 
Неге Ор Br d 201 0.995 an 


A 
= —— = 0.667. 
Ок COT 


a) See ipg — 0.667 ipc = 10 + 1 = 11 — — (1), and 
0.995 ing — ipc = 10.0— — (2). From (1), 0.995 ipg 
- 0.663 ірс = 10.945 — — (3). (2) - 3) — -0337 
inc = —0.945, and inc = 2.804mA. >From (1), ipe 
= 0.667 (2.804) + 11 = 12.87mA. Check in (2): 
0.995 (12.87) —2.804 = 10.00, with Од їрс = 1.87 
mA, and Œr ipg = 12.8 mA. 


2.8mA (Y) 10mA 


| -3 
b) Мом, i = Iş е" > v= Vr In sg. Thus ogg = 25 In MT = 697mV. 
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га, -995 ? | 2.804 х 107 
Now for the collector: Isc = 10714 х = = 1.49 x 101^ А. Т - A——MÀ———À ш 
ow for the collector: Їсс po 9 hus, Ucg = 25 In E49. x 10758 
649mV and Vic ш = 697 — 649 = 48mV. 
1 + (Br--1y Bn 1+(10+1у2 6.5 
C From Eq. 4.114: Vgc sa = Vr ln ——————— = 25 In ———— = 251 — = 45, : 
Y Есш TU 1 = Вр " —1+10200 hos. OAR 
nearly the same as in b). 
4.80 For Ugg = 700 mA at ic = 10 mA, with п = 1 
Il; = ie ^ "^ = 10 x 10e - 7025 = 6.91 x 1075А, 
1 1 | 
From Eq. 4.116: ig = Sg tals „5 „к\т. ^ 


Br Вк 
From Eq. 4.117: ip = ет" Ige". 
Here, Vgc = вк — 0.10 = v — 100, in mV, and ig = 100 uA. 
From Eq. 4.116: 
100 x 10% = 6.91 x 107 P[(1/50)e 5 + (y0.1)e ®©- 19025 = 6.91 х 19755(9 25 (150 + 10e74) 
= 6.91 x 1070(0.185)e ?5. 
Thus v = 25In[(100 х 10:9)(6.91 x 107! x 0.185)], or = 627.1 mV. 
Check: 691 х 107? | Иреб27-125 + 9,105215] = 10.82рА + 99.14A = 100A , as expected. 
Now, from Eq. 4.117, E od 


ir = 6.91 x 10755(e 927.125 _ 527.25 — 6.91 x 10715(10!9)(7.83 — 0.14) = 531A flowing from the 100 mV 
supply to ground. Also, from the base, (see Check above), 99.1 НА flows into the 100 mV supply. 


The net current from the 100 mV supply to ground is 531 — 99 = 432рА 


SECTION 4.14: THE BASIC LOGIC INVERTER 


4.81 Model the fanout as a single 0.7 V diode in series with R = Rg/n where n is the fanout. 
(a For a fanout of 10, R = 450/10 = 450: 
Vou = Vcc — (Ко ККс + R)(Vcc - Var) = 3.0 — (640(640 + 45))(3.0 — 0.7) = 0.85V, 
Vo, = Vcg, = 0.3 V; Ул, = Vor = 0.5 V, roughly. 
Vin = Vaz + Rg(Vpp — Vcr, Y(Rc D) = 0.70 + 450(3 -0.3У(640 х 30) = 0.70 + 0.0632 = 0.763 V 
ММн = Мон — Мн = 0.851 — 0.763 = 0.088 V, and ММ; = Vj, — Vo, = 0.5 — 0.3 = 0.2 V. 


For ug = 1.0 V, ic = (3.0 — 1.0)64 — (0.7 — 0.7y45 = 3.125 mA, for which r, = 253.125 = 8 Q, and 
the gain is G = — [640 Il (450/10)](3031)(V8) = — 5.09 V/V 


(b) Fora fanout of 1, R = 450 Q: 
Уон = 3.0 — (640(640 + 450)(3.0 — 0.7) = 1.65 V, 
VoL = 0.3 V, Уу = 0.763 V, Vj, = 0.5 V, 
NMy = Мон — Мн = 1.65 — 0.76 = 0.89 V, and NM, = Vi, — Vo, = 0.5—0.3= 0.2 V 
Gain G = — [640 1 450]3031(V8) = — 32 V/V. 


4.82 For saturation, ic = (Vcc — 0.3y640 = 4.22 mA. 
Now, ic = Ise "^", and ове = Upgo + Vrln(i i; = 0.70 + 2511(4.22/) = 736 mV. 
Thus Уон = Vcc = (Ирр — Vgr)Re/Rc + Кв) = 3.0 — (3.0 – .736)(640(640 + 450) = 1.67 V. 
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Now, for VoL, Од = (3031y5 = 0.1935, 

and Bk = 061 — Og) = 0.19351 — 0.1935 = 0.24. 

Collector current with output low (say 0.3 V) is ic = (Ирр — Vcg Ус = (3.0 ~ 0.3640 = 4.22 mA. 
Now, the base drive ig depends on the fanout of the previous gate being largest for a fanout of 1: 
ig = (Vcc — VggY (Rc + Ка), or ig = (3 ~ 0.7640 + 450) = 2.11 mA. 

For these conditions, using Eq. 4.114, where Brorcea = ic/ig = (4.222.11 = 2.0, VoL = Ver. 


= Vrln[(1 + (Byorced + ОВА — бусад) = 25In[(1 + (2.0 + 10.241 — 220)] = 66.8 mV 


Now, for Vi, operation is where the transistor barely turns on, and the gain is — 1 V/V. For such ап 
arrangement, G = — BRCARg + r4). | 

Thus BRcÁRg + г) = 1 or Rg + ra= BRc or ra = BRc — Rg = 30(640) — 450 = 18750. 

Now, r4 = (B + Dre = (B + DViig, or ig = (В + 1)У = 31(25 х 102y18750 = 41А, for which 
ig = 1.4 pA, and ^0; = ову at 41 ДА. 


. v 
Now, ic = [se mYr 


Thus at 41 ДА, ове = 700 + 25in[41/1000] = 620 mV. 

Thus Ул, = оре + ig Rg = 0.620 + 41 х 107 x 450 = 0.638 V. 

Now, for Viy, operation is where the transistor is turned оп, but past the edge of saturation and the gain 
is — 1 V/V. This gain results as the base collector junction conducts, shunting Rc. Though it is quite 
possible to calculate the detail using the Ebers-Moll model, the process is quite tedious. А good worst- 
case approximation occurs when the incremented resistances of base-emitter and base-collector diodes are 
about equal, when the base current splits equally between them, while that in the base-emitter is enough 
to sustain ic in saturation. For this situation, ig = (3.0 — 0.3640 = 4.2 mA and for saturation 
ig = 4.230 = 0.141 mA. 

Now at ic = 42 mA, вк = 700 + 25142711 = 736 mV and үн = 0.736 + 450(2)(0.41 x 107) = 
1.105 V. A more usual estimate might ignore the base-collector current split (and a factor of 2) and sim- 
ply use Vj, = 0.736 + 450(0.41 x 107) = 0.921 V. 


The larger value gives a more conservative view of noise margins: 

Now NMy = Мон — Уш = 1.67 — 1.105 = 0.57 V, and NM, = Vy, — Voz = 0.638 — 0.067 = 0.57 V. 
Now, the large-signal voltage gain is 

С = (Уон — VoL X Viu — Мн) = — (1.67 — 0.067у(1.105 — 0.638) or G = — 3.43 V/V. 

Note that this is low because of the choice of a conservative value for Уу. For the other value 
G = (1.67 — 0.067y0.921 — 0.638) = — 5.63 V/V. 


Now at ug = 0.7 V, and assuming no effect of fanout load, ic (3.0 — 0.74640 = 3.59 mA for which 
г, = 25/3.59 = 696 О and г; = 31(6.96) = 215.9. Thus, the small-signal gain 
= — BRcARpg + rg) = — 30(640у450 + 216) = — 28.8 V/V. 


, and UBE, = UBE, + VrlnigYig,. 


SECTION 4.15: COMPLETE STATIC CHARACTERISTICS, INTERNAL 
CAPACITANCES, AND SECOND-ORDER EFFECTS 


А ^ 
4.83 For a grounded-base amplifier, the output resistance rop is approximately r, ЇЇ Bro. Here, ro, = ^ Е = 
C 
V. 
— 10 2200x100, with л, = 21 = 200 ш. 2МО. Тив Lets, o 
50 x 107 i | ic 01х10 i | 079 "ва В fA 
— = — + ———— ——-. That is for ry in МО, — = — - — = ———-—-, 
200x109 rą 120 х2х 10° 4 ru 200 240 200 (240) 


200 
ry = “jg (240) = 1200MQ = 1.262 
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SOLUTIONS: Chapter 44-25 


Voa = BVcgs = BVcgo = 50V; Voy = BVceo = 30V; Vo; = BVggo = ТҮ. 


AVcr 02-01 01У 


Rcge sat 7 "Alc = 73-1 = mA = 500. Generally, Vcr sat 7 Vcr of f + RCE sat Ic. Thus at 
1-3 0.1 4- 0.2 
—— = 2mA, Vee sa 7, = Vcg off + 0.05(2), and Vcg off = M — .05(2) = .15 — .10 = 0.05V. 


Otherwise, we could use values at one of the 1mA or 3mA points, to obtain the same result since the 
same line is involved in all 3 cases. 


lc 1.20тА Alc (129-120)/тА .09 

At 1.20mA, hee = — = ————— = 109, and Aj, = —— = ————————— ш ——— = 90. 

SACER ^ di mb us Т ТЕШЕТ oe ce Mn 
assigns the increase in dc D to the effect of collector voltage on the base width, then at the particular 

V 

value of vcg = 10V, Ic = hr, Ів + Е: | with r, =. Thus 1.20 = 90 (11 x 10?) + 
10 Im - . - (1), and also 129 = 90 (12 x 109) + 10 I 24-00) From (1), 
| А А 

10 (1.20) 10 (1.29) 
у, = ————®—/— = 57.1V, and from (2), Va = ———————————4 = 61.4V. Thus V4 = 60V. 
A 71.20 - .99) (2), Va = 129 — 90 (12) x 10^ is 


кыш saturation, with Jj = 1 = ImA, and Vcg sq = 0.05 + 1с(0.05), we see Vg = 5 — Vcg ш, and 
— (0. = + 6 (0.05)) 


eee — 1.0. That is, 0.82 Ic = 5 —82 — 0.05 -.05 Ic, Ic = 4.75шА, and Vcg sa 
= 05 + 4.75 (0. 105) = 0.287V, with ug = 5 – .287У = 4.71V. 

05 + Ic (.05 
Now for = 4(1) = 4mA, Ic СОЗ EO” — dm A, 0.82 Ic = 5 —.05 —05 Ic -3.28, Ic = act 


= 1.92mA, and Vcg sq = .05 + 1.92(.05) = 0.146V, with vg = 5 —.146 = 4.85V. 


From the graph in Fig. 4.68: At 1 uA: pis 200 at 125 °C, 120 at 25 °C, and 70 at — 55 °C. 
Thus an average TC is (200 — 70X125 – —55) = 1.38/°C, 
ог 1.38/120 х 100 or 1.15%/°C. 


At 1 mA: p is 105 at 125 °C, 190 at 25 °C, 320 at — 55 °C. Thus the average TC is 
(320 — 105180) = 1.19/°C or 1.19190 x 100 = 0.63%/С. 


From Eq. 4.120, the stored base charge is О, = W*icA2D,) = Tric 
For W = lum, Q, = (105? x 1 х 1021.3 x (1025 = 4.69 x 10 "C. 
The forward base transit time тр = WZ(2D,) = Q,/i, = 4.69 x 1071 x 10?) = 4.69 x 10'9 = 0.47 
ns. 
The small-signal emitter diffusion capacitance is (from Eq. 4.121) 
1 x 107 
Cie = 168m ен Үг = 0.47 x 10? x — — —. = 1.88 pF. 
de FS ЕІС/ҮТ 25 x 10? P | 
For W=5um: О, = 25(4.69 х 108С) = 117 х 10°'C, тв = 25(0.47) = 11.8 ns, 
Cg, = 25(1.88рЕ) = 47 pF. | 
It is apparent that thick (wide) base regions can lead to slower эре! 
7 


E59 NANp (1 
—— ) X 


(-2-9 х ( 


From Eq. 3.26, Cj; = A 2 N, + Np 


М 
where (from Eq. 3.18, Vo = Vrin 
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Here n; = 1.5 x 10'Ucm?N, = 10 7cm?, Np = 10 7cm?, а = 1.60 x 107 9C, eg = 1.04 x 1072Еуст, and 
A = 10дт x 10pm = 100 x 10°®ст?. 

Thus Уо = 25 x 107 In{(10!” х 10!?у(1.5 х 10!9)2] = 0.909 V. 

Thus Со = Cjo = 100 x 10 5[(1.04 x 107? x 1.6 x 107122) х 107 x 10!%10!7 + 10'9у0.90]7 = 
1071.093 х 107!^)^ = 0.104 pF, and Cj, = 2Cje9 = 0.208 pF. 

Now for Cy ( = Су), use Eq. 3.26 with Np = 10!Ўст? in the collector. 

Thus Vo = Vrin(10? x 1091.5 x 1019?) = 0.67 V, and Cj, = 10 x 100 x 103[1.04 x 10712 

х (1.6 x 1072) x 10" x 10 510" + 10/5y0.67]^ = 0.157 pF | 

and C; = CjA1 + Уо)" = 0.157(1 + 2.00.67)^^ = 0.090 pF. Thus C, = 0.090 pF =,90 fF. 

Now, from P4.89 above for W = lum, Cy. = 1.88 pF, and from directly above, Cj, = 0.208 pF. Thus 
C, = 1.88 + 0.208 = 2.09 pF. For operation at 1 mA, 

Bm = Ic/Vr = 1 х 10325 х 10% = 40 mA/V. 

Thus, fr = (12:)6,АС, + С,) = 40 x 10:4(0.09 + 0.090) x 107’ (2x) = 2.92 GHz. 


Here, fr is 10 GHz at 10 mA and 7 GHz at 1 mA, where g, is 400 mA/V, and 40 mA/V respectively. 


For each case, С, + Cy = g,/Qnfr) 


Thus Сло + Cy = 400 х 10:4(2х х 10 х 107) = 6.37 pF and C,, + Cy = 40 x 10-42т х 7 х 107) = 
0.909 pF. | 


Now, C4 = С, + Cae, and Са, «i, such that С, = Cj, + iC. 

Thus Cj, + 10C + C, = 6.37 – – — (1), and Cj, + ІС + Cy = 0.909 – – – (2) 
Subtract (1), (2), 9C = 6.37 x 0.91, and C = 0.607 pF(/mA). 

From (2), Cj, + Cy = 0.909 — 0.607 = 0.302 pF. 

Thus, C4, = 6.07 pF at 10 mA, and 6.1 fF at 10 НА. 


400/1000 = 206 MHz 


КОЛА 
НА, fr 2100.302 + 0.0061) x 10772 


We note that the area of all junctions is increased by 4, and that the current density is unchanged. Now, 
using the results of Ex. 4.440 on page 315 of the Text: 


At 4 mA: 


. From Eq. 4.120, тр is unchanged, at 20 ps. 


From Eq. 4.121, Cy, increases by 4, to 4(0.8) = 3.2 pF 

From Eq. 3.26, Cjeo increases by 4, to 4(20) = 80 fF 

From Eq. 3.26, С р increases by 4, to 4(20) = 80 fF. 

From Eq. 3.18, Vo, is unchanged at 0.9 V. 

See Eq. 4.124, тсву is unchanged at 0.33 

Cj, increases by 4 to 4(40) = 160 fF 

С increases by 4 (since both area and charge are 4 x larger) to 4(0.84) - 3.36 pF 

C, increases by 4, to 4(12) = 48 fF 

From Eq. 4.130, fr at 4 mA is unchanged, at 7.5 GHz. 

For operation at 1 mA, 2„ = 40 mA/V, Cj, = 160 fF, C, = 48 fF, Cy. = 3.24 = 0.80 pF. 
40 x 107 


Thus, fr = ——— — ——  — = 63 GHz. 
21(800 + 160 + 48) x 107 
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4.93 For this transistor, C, = 2 pF and С, = 10.7 pF at 1 mA. If we assume that Cj, = Cy = 2 pF, Then 
Cae = 10.7 ~ 2 = 8.7 pF at 1 mA, and 8.7/100 = 87 fF at шА/100 = 10 pA, and 8.7 pF at 1 A. 
-3 
ALIO БА, fp = ——— 1.7100. — 156 MHz. 
2n(2.0 + 2.0 + .087) x 107 
40 x 10771000 
21(2.0 + 2.0 + 0.009) х 10:12 
{Note that if Су. is assumed to be 0, rather than equal to С, fr values are 30.2 MHz and 3.17 MHz}. 
The proposed change would reduce the capacitance C, (and Cj,) by a factor of 100 since the junction 
areas are reduced by that factor. Continue to use C4, = 8.7 pF at 1 шА for lack of a better choice. 
Now at ic = 10 LA, 
40 x 1077100 


At 1 pA, fr = = 1.59 MHz. 


[qe Se Mi 
27(2100 + 2/100 + 8.7/100) х 107 
Now at 1 ic = ІрА, | 
-3 
fr 40 х 10771000 = 131 MHz 


~ 2n(2400 + 2100 + 8.7/1000) x 10-2 


- 227 - 


SOLUTIONS: Chapter #4—28 


NOTES 
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Chapter 5 


FIELD-EFFECT TRANSISTORS (FETs) 


SECTION 5.1: STRUCTURE AND PHYSICAL OPERATION OF THE 
ENHANCEMENT-TYPE MOSFET 


5.1 In general, a channel is induced for 065 2 Vs + V, = 0 + 1.5V. Hence Vgs 2 1.5V, here. 


In general, the drain end of the channel is pinched off for Ugp < V, = 1.5V. Now for Vgs = 3.0V and 
Vs = 0, 0с = 3.0V, and the drain is pinched off for op 2 3.0 -1.5 = 1.5V. Hence Ups 2 1.5V, here. 


In general, saturation occurs for a given ugs, when Ups 2 065 — Vi, or ups 2 3.0V -1.5У = 1.5У, for 
which vp 2 1.5V, here (which is, of course, when the drain end of the channel is pinched off). 


In general, triode operation occurs for Ups S Vgs — Ү,, for which Up S 1.5V, here. 


SECTION 5: CURRENT-VOLTAGE CHRACTERISTICS OF THE 


ENHANCEMENT MOSFET 
5.2 
| (а) Ups = Vp —Ug = 2.1 — 0 = 21V; 065 = Vg — Vs = 3 – 0 = 3V; 065 -V, 23-12 2.0У S Ups 
— saturated mode. 
(D Vps =Vp — Vs = -0.1 — -2 = 19V; 065 = 06 – Vs 22- -2 = 4V; vgs- V, = 4 – 2 = 2.0 2 
Ups — triode mode. 
(с) Vsp = Vs — Vp = 0 —-3 = 3V; Vsg = Vs - VG =0--1=1V <| V, |= 2У — cutoff mode. 
(d) Usp = Vs — Up -2--1 = 3V; Usg = Ug — Ug = 2-0 = 2V; 2с + V, =2-1=1V<Usp ә 
saturated mode. 
(e) V, = 2V — n channel; vgs = 0 — —3 = 3V; Since saturated, Ups 2 Vgs – У, = 3 – 2 IV; 
Эр = Ups + Vs 21-3--4Ү. 
(f) V, = —2V — p channel; Usp = Vs — Up =3-—-1=4V; Dsg = Vs — UG = 3-0 = 3V; DSG + V, = 
3-2 = 1V < 25р saturated mode. 
(g) У, =-2V p channel; vs = 3V, Vp = —3V; Vs — Vg S -V, = + 2V for cutoff; 
| —Vg 2—у = 2-3--41У, and Vg 2 ГУ. 
53 | ip(m^) T | 
i | ‘os зоо V: | Ups = 105 - V, Since V, = 1V, the DGS 
>74 Saturation region —————?- are relabelled as shown. 
region | | : 
оса И ый чу See ip, = 2.25 mA, Осяь = 
| ха 4 V, Ups, = 2 3 V, ina = 1 
mA, їре = § mA, ipf = 
КТ, 2\/ 0.75 mA, vgs, = 5 V, 
Upsh = 2 V. 
OV 
Lp, = 
De = Imh . М у +2 зү 


| | | 
0 1 2 3.4 5 6 7.859 105 У) “1 V 
е5 ugs < V, (cut off) 


- 229 - 


SOLUTIONS: Chapter #5—2 


(a) be ) (qj 


| ip (тА)1 „ = | | (c) 


ir o A" vos = vos ~ Vi — 
(£) (d | (с) г —<— region асган Saturation Tesion (a) (b) ( (e) (4) 


| 5 23 а | 7 — vgs 2 V, t 4 5 15 3 25 
| | 
6 S 4 p^ Ups = 105 — Ү, 
0 .. 
OS Ч 4 2 7 | жан 
| ] нэ | 
Lu | 
2 051 | 7 | vos = V; +2 3 25'2 15 
= / | 
A IZ | Я ERE c de (5 1.5 | 
Oe 221) 1 2 3.4 5 6 7. е vps V) 1 0:5 | 05 
20113 35V 9 e if) 2 0 3 Ч vas 5 V, (cut off) i 


| 


The axes labels are indicated by (a), (b), etc, at the top right and left, and at the right bottom. 


Vs = 0V, Үс = 3V. Now, for saturation Уру 2 Vgs — V,, and for V; = 0, Vp 2 3 ~ 1 = 2V. Thus the 
device is in triode operation for Vp S 2V. 


In general, in triode mode, ip = k (W/L (vgs — V,) 0р5 — 059241). 

For Ups = 2V, ip = 20 x 10$ x 10 [(3 — 1) 2 — 272] = 200 ( (2) (2) —272) = 200 ( 4 — 2) = 400A. 
Check, in saturation, ip = 1/2(20)(10) (0с; — V,)? = 100 (3 - 1)? = 400нА. 

For Ups = 1V, ip = 200 [Q) 1 — 122] = 300pA. 

For Ups = 0.5V, ip = 200 ((2) 0.5 — 0.572) = 175pA. 

For Ups very small, ip = К (W/L) (vgs — V,) Ups, whence 


T -— o — — — — 0 
7 ip  k(WL)(wgs-V) 2008-D ^" 
Now, rps increases by 1% when 0252 = ((0су — V;) Ups) cue for which Ups = IO = 0.04V. 
] | ] 
Now r increases b 10% when ——————————=110-———,‚ or 
ái ў ((ogs — V;) Ups — v2) (965 — Ур» 


(ugs — V,) — Vps/2 = 0.909 ((ugs — V,)), for which, ups = 2 (1 — 0.909) (vgs — V;) = 2 (0.091) (3 — 1) 
= 0.36V. 


For triode operation at low Ups, ip = k (W/L) ((0с5 — У,) Ups), whence 


‘ps = Jos ES — —n— = E ЛЕБЕЕ » ОГ rps = == , 
Їр К (WAL) ((0сѕ — У,)) 20(202) (ugs — 1) Ves — 1 
whence Vgs = + 1. 
FDS 
| For rps = 1kQ: Vgs = 2 + 1 = 6V, and for rps = IMQ: Vgs = TUYA + 1 = 1.005V. 
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1 


For Ups near OV, and less than a 10% increase in rps, (0с; — 1) – 0552 2 тт! 065 — 1), or 
Ups < 2 (0с — 1) (0.0909). | 
For rps = 1kQ , vgs = 6V, and vps €2(6-—1) (.0909) 0.909V, at which 


ip = k (W/L) [0065 — V,) ору — 0252] = 200 ((6 — 1) 0.909 —(0.0909)72) = 200 (4.545) — .413) = 
826LA. 

For rps = IMQ, vgs = 1.005У, and vps < 2 (1.005 — 1.00) (.0909) = 0.91 mV, at which ip = 200 
[01.005 — 1) (0.91 x 10?) – (91 x 10372] = 200 [ (5 x 0.91 x 10%) — 0.912 x 10752] = 100 (9.1 х 


1075 – .83 x 1076) = 827 x 10°°дА = 0.83nA! or, easier, ip = тгд 


2 0.91 nA, as a quick approx- 


imation. 


For saturation, ip, — V2k (WA) (vgs — У,)?, and for triode operation, 
For ip, = 1.00ipss: ip =k (W/L) [(ves — Vi) Ups — 92921 
k (W/L) [as — Vj) ups — ору2] = k 2(W/L) (осу — У,)?, or vds — 2 (vps) (065 — V,) + (Ves - V = 


2 (Ves — V) € N 2? (Wes — V) - 4 (Wes - VY 

CINE ини 
ог Ups = (Vgs — VL € V1 — 1] = (uspilongs — V,) 
For ip, = 0.99 ip,: 
2 (065 — Vj) Ups — Ор = 0,99 (ugs — V,)’, ож —-2(Ups)(Ugs — Vj) + 0.99 (ugs - V? = 0, 
whence Ups = (Ugs — V,) Ё 411- (99) | = (065 - V) (1 € 0.141), (where the negative value 
applies). Thus Орд = 0.859 (vgs — V). 


For ip, 2 0.90 ip: Ups = (©су - V) | 1 € (1- 92 | Thus Ups = 0.564 (Vgs — V). 


whence Ups = 


For lp, z 0.50 ір; : Ups = (0с = Vi) | 1 + | 1- ‚5° | Thus Ups = 0.134 (Vgs = VQ). 


Now, for vgs = 2 V, and V, = 2V, Ups = 2V, 1.72V, 1.13V, and 0.264V, for 100%, 99%, 90%, and 50% 
of saturation value, respectively. 


Here, ry = vini = 50КО; V, =r, ір = 50kQ Siam | = 107.5V; and A= v = 
° — hte A 

0.0093У”!, 

Now K, = Hp Cox T Assuming |, = 2 T K, = 2. х 2. х 20 х DM = 166.ТНА/У?, 


Рог 065 = Ups = —5V, ip = К (vgs — V! (1 +A ору) = 166.7 (—5 ~ —2)? (1 — .01(—5)) = 166.7 (32) 
(1.05) = 1.575mA. 


For the substrate Үд of the PMOS connected to +5V, while the source voltage is varied: 
1,| = Viol + yI 2Ф, + У$в — \ 2 Ф/ | =+1+0.6 [y 0.6 + Vsg — ү 0.6]. For Vs = +5V, У = 
ОУ, апд |У, = IV, or V = -1 V. For Vs = OV, Vg = 5 — 0 = SV, апі 1/1 = 1 + 0.6 
[V 0.6 + 5 — Y 0.6] = 1.955V, or У, = —1.96 V. 


In each of the circuits, consider the saturation transconductance factor is 
K = 10р, Cox (W/L) = V2 x 20 x 10702202) = 10004? = 0.1mAWV?. Accordingly: (а) Ugs = Ups = 
БУ, saturated operation, for which ip = К (ugs — У, )? = 0.1 (5 – 2)? = 0.9mA. Thus I, = 0.9mA. 
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Usg = Vsp; saturated operation, for which 0.4 = 0.1 (Usg — —2)?, or ug; +2 = + Ү4=+2. Thus 
Usg = 0, which is not possible, or -4V. Thus V, = 44V. 


Vgs = 0; cutoff, for which J, = OmA. 


Vgs = V, Эрс = 3V; saturated operation, for which 2 -09-01(0-2)/,ог0-2- Yo = 3,ог1) 
= 5V. Thus Vy = vg – 065 = 2 – 5 = -3V. 


Section 5.3: THE DEPLETION – TYPE MOSFET 


§.12 For 


all conditions, the saturatin transconductance factor is 


К = 0р, Cox (W/L) = V2 x 20 x 109 x 2002 = 1000 x 1076 = 1тА//?; V, = -4У (for ап n-channel 
depletion mode). 


(a) 


(d) 


(е) 


(f) 


(g) 


(h) 


065 = —4 -0 = -4V. cutoff. ip = OmA, and 0р5 = 5 – 0 = SV. 

Ug = Vgs + Vs = —2 + 0 = -2V, апі Vp = Ug + Vps = 0 + 3 = 3V. This implies saturation for 
which ip = (Vgs - V) = 1 (-2 – -4 = 4mA. 

ugs = Vg — Vs = 0 – 0 = QV, and Ups = Up — Vs = 5 – 0 = SV, 

for which Ypg = 5 – 0 = 5V > 1 V, Г. This implies saturation operation, for which ip = 1 (0 — 
-4) = 16mA. 

Ug = Vgs + Vs = 0 + 0 = 0У, and Vp = Vs + Ups = 0 + 2 = 2V, for which upg = 2 – 0 < 1/1. 
This implies triode operation, for which ip = К [2 (ugs — У,) Ups — 025] = 1 (2 (0 — —4) 2 - 22) 
= 12mA. 

Vs = Vg — Vgs = 0 – 1 = -1V, and Vp = Vs + 0р5 = -1V + SV = 4V, for which Эрс = Vp = VE 
= 4У —0= IV,|. This implies operation at the edge of saturation, for which ip = 1 (1— —4} = 
25mA. 

Vgs = Ug — Vs = 2 — 0 = 2V, and vps = Vp — Vs = 5 – 0 = 5V, for which up; = up — Vg = 5 – 
2 = ЗУ < IV,|. This implies triode operation, for which, ip = K [2 (065 — V;) Ups — 025] = 1 
[2 (2——4) 5 – 52] = 60 — 25 = 35mA. 

Vg = 065 + Vs = 2 + 0 = 2V, апа Vps = Vp — Vs = 0 — 0 = OV. See that operation is in the 
triode mode, but with ip = OmA. 

Vs = 05с + Vg = - 2 + 0 = -2V, and Ups = Vp — Vs = 0 – — 2 = 2V. 
= 0-0= 0 < | V, | — triode operation, for which ip = К 2 (065 — V;) Ups — Vbs 


See that Орс = Up m 
= ] l2 (2 -— 4) 2-28 = 24 — 4 = 20mA. 


5.13 Depletion MOS: For simplicity, use K=/2u,„ Cox (W/L) = V2(20 x 10 9(10) = 100 x 1079 = 0.1mA/V?, 
IVi 22V. 


(a) 
(b) 


(c) 


(d) 


(e) 


Saturation with Vgs = 0, for which 1, = ір = К (ves - V) = 0.1 (0— — 2)? = 0.4mA. 
Saturation, for which 0.4 = 0.1 (0с; — — 2)", and vgs + 2 = + Ү4- +2V, whence 065 = —4V or 
OV. Clearly, 4V is not possible. Thus Vj = 0 – 0 = OV. 


Saturation, for which 0.9 = 0.1 (vgs — — 2), and 0с; + 2 = + Y9- +3, for which 065 = —5 or 
+1У — Clearly —5V is not possible. Thus Vgs = +1V, and V, = 0 + IV = 41V. 
Devices are connected symmetrically: /; = i [ = E = 0.9mA. Also see saturated operation, 


for which 0.9 = 0.1 (0с; — —2)?. Thus ugs = 41V (as in (c)), and Vy = 41V. 


ere, Ups = Vgs. Thus Эрс = 0 < IV,I PTT triode operation, for which ip = 0.4mA = 0.1 
2 (065 — —2) 065 — 08, » or 4 = 2 02, + 4 065 — оду, Vés +4 065 — 4 = 0, whence 
ET _-444V2 _ 

2 


Ugs = -2+2Х2. But it must be positive. Thus = —2 + 


2 Х 2 = 0.828У, and V,-5- 828 4.172У. 
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5.14 For у а let К = git ) Operation is triode mode in both cases: Thus 


ip = К |2 (065 — V,) Vsp — 04 |, V, being negative for a p-channel depletion device, when “сс is 
used. 

For Up = 4.8V, 05р = 5.0 — 4.8 = +0.2V, vg = 5.0V, vgs = 5.0 — 5.0 = 0.0У; 

0.1 = K [2 (0— V,) (+0.2) –0.22 | or 0.1 = К |-0.4V, — 0.04 | - - - (1). 


For Up = 4.95, Usp = 5.0 — 4.95 = +.05V, vg = ОУ, vsg = 5 — 0 = 45V; 
012K |2 (+5 — V,) (4.05) –.052 | or 0.1=K [40.5 + O.1V, – .0025 | 


or 0.1 = K [0.4975 +0.1V, l - - - (2). 


—0.4V, — 0.04 
Now (1)/(2) — 1 = 40.4975 + 01У, ' ог -0.4 V, — .04 = + 0.4975 + 0. 1V,, or —0. SV, = +0.5375, 


whence V, = —1.075V. Thus with vgs as defined, the depletion threshold is 1.075V. 


0.1 0.1 
Е 1), 0.1 = K [ -0.4V, —04], K = ———— = —————z0. 2 in = 
rom (1), [ ], —0.4(—1.075)—04 " 4.43 — 04 0.256mA/V^. Now, ip 
VGS 4 _ i 2 5 
K (vgs — yy = [pss (1— ү? * —- (0с; - V, y". Thus [руу =K V^ = 0256 x (1.075) = 


0.296mA. 


SECTION 5. * MOSFET CIRCUITS AT DC 


5.15 


5.16 


5.17 


W Vbo -Vp 5-2 
К =К„= = Hn С x г = 2-00) х 40 = 0.4тА/У?. Thus Jp = ЫН = 0.4mA. In 
o ip = K (Осу — ий , or 04 = 0.4 (Vgs — 1)?. Thus ugs -1 = 1, or Ugs = 2. 
E сг ан 02520045 Rom oce o. cp 
цайг ла 7 j Ip 0.4 0.4 
Үрр-Үр 5-2 
Now, Ip = ые: = "AS. = 0.4mA, and Vs =-5 + 7.5(0. 4) = = —2V. Thus Vas = 2V, кепе 0.4 
р К 
= K (2 – 1), and К = 0.4mA/V?. 
| 0.4 | | И os 2 

Now [for K-2—— = 02mA/V, in the source circuit -тт-ї0502(-Ус-1), or 


7.5k 
Vs + 5 = 1.5 (Vs + 1? = 1.5 Vg + ЗУ; + 1, or 1.5V + 2Vg —4 = 0, whence 


-2 + Y 22 — 4(—4) (1.5) ~24+V44+24 -245.29 


йы ue CU e e AL CO о 1. : = 
$ 2 (1.5) 3 € р ог 41.10 (too small). Thus Vs 
—2.43V, and Vp = +2.43V, with a corresponding change of от = 21.5%. 


For Fig. 5.25, Урр = 10V, Уру = Үс, and operation is in saturation. Thus Ур = Vpp — Ip R, or Vp = 


10 – 0.4R. Also Ip = К (Vgs — Vj), where К = Юр, С, X W/L = % x 20 x 40 = 0.4mA/V?, and 


Vos = Vp. Thus 0.4 = 0.4 (Vp — 1, or Vp —1 = 1, or Vp = 2V. Thus R = M = 20КО. 


5-2 
1506 Ma: 


Also Ip = V2k (W/L) (005 — V,? = 0.5 x 10? (vgs — 1)? = 20 x 10°, or vgs — 1 = (40 x 1073)* = 0.2 
whence 065 = 1.2V. Now, since Vg = 5V, Vs = 5 —1.2 = 3.8V, see Rs = 20uA = 190КО. Thus, to 
one significant digit, А; = 200kQ. 


For Vp = 2V, Ip = 
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N | | 2 | 5 = 065 – 0 5 — VGs 2 2 
ow, Їр = 500 (0с5-1) and Ip = “МО ' or —02 = 500 (065 — 1), ог 5 - 065 = 100 2с; 


- 200 vgs + 100, or 10098, — 199 vgs + 95 = 0, or ves — 1.99 Ugs + 0.95 = 0, whence 


ү 2 +v + 
vgs = PE AAR 12922198 РЕА L 1,195, ог < 1. Thus, V; = 5 —1.195У 


2 2 
= 3.805У, Ip DIES. 19.025uA, and Vp = 5 ~ .15 х 19.025 = 2.15V. 


10M | 5 0 ~ 2.5 


Ү----------Х = 2.5V. = SS —————=їү | = — = 
G 10M 4 10M 5V TA Now for 06; =v, ip ik i, and i = К (0с – Vj) 
0.5 (0-1), 05 (o - D! s =, (0 – 1} = 5 — 2 v, V? — 2v + 1 = 5 – 2v, 02 = 4,0 = 2V. Thus 


— 4.5 
Ik 


We actually find A (2V) = 1.8V, in which сазе ip is reduced to 90% or 0.45mA. 


Vs = Vg + Vgs = 2.5 + 2.0 = 4.5V, and ip = : = 0.5тА, Vp = 0 + 4k (0.5mA) = 2V. 


For К = V2k (W/L) = 0.5mA/V? and V, varying, 5 -1КО (0.45mA) –0с̧; = 2.5V, whence 0с; = 5 
-0.45 —2.5 = 2.05V. Now, 0.45 = 0.5 (2.05 — V,)*, or V, — 2.05 = x (0.90)^ = 4.949, whence V, = 2.05 
+ .949 = 1.101V. That is, V, could have raised by 10.1%. 


For V, = 1V and К varying, again 065 = 2.05V, but now, 0.45mA = ae 05 – 1}, ог К = мэ = 


1.05? 
0.5 — .408 
0.5 
Note that the effect of V, is essentially direct, a 10% change in current resulting from a 10% change in 
V,. However, the change in current is only about 10/18.4 or about 54% of that in К, due to negative 
feedback included in the circuit. (See Chapter 8.) 


0.408mA/V?. Thus K could have dropped by = 18.4%. 


For the Depletion Device, K = 2u, Cox (W/L) = V2(8 х 1076)(5002) = 0.1mA/V? and 0с; = 0. 

Thus ip = Ipss = K (Vgs — V, = 1тА/УЗ(0 — 2)? = 4mA. Thus Vs = 15 — 1КО (4mA) = 11V = Vg, 
and Vp = 0 + 2kQ (4mA) = 8V, whence 05р 211 ~ 8 = ЗУ > V,. Thus the device operates in saturated 
mode. | 

Triode operation begins for Usp = V, = 2V, in which case Vg; = 8 + 2 + 4 = 14У, with operation being 
saturated for Vss 2 14V. 


Here K = 2p, C, (W/L) = 12(8)(250) = ImA/V?. See Vg = iT x5 = 4V. Now vsg = 5 – 1kQ 
(ip) -4 = 1 — ip, or їр, = 1. — Usg = 1 + 065. шшр saturation, ip = K (ugs — Vj)? = 1 (ugs — 2), 
or 1 + Ugs = (vgs — 2)? = As 4065 + 4, or 025 — 5065 + 3 = 
5+ Ү зї) _ 5+3.61 
—————, or Ugs = 0.697У (or 4.305V (too large)) Now 


2 9 
Vs = Vg - Ug; = 4 — "m. = 3.30У, and Vp 20 + ILME x 1 = 1.70V. Thus Уру = 1.70 — 3.30 = 


—1.60У, and Vgp = 4—1.70 = 2.30V > V,. Thus, operation is in saturation. 


0, whence Ugs = 


For operation at ip = 150pA in saturation, ip = (V2) Cox (W/L (Ogs — V; 


or 150x10520.520x10'$(02)(0gs -1?, or ас; – 1 = 1*, whence 065 = 2 V. 
5-2 
Now R; = 150 х 10% = 20kQ. If К = Ку = 20kQ, then vp2 = + 2 V (also). 


If М; is joined to М» with corresponding elements connected, then the current in R2 will tend to double. 
If К, is reduced to 10 КО, vps2 = Ups; = 2 V. 
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2 
90.91 — 24.04 9.091 1 

Ул = = 127V. : 9.091 = 2VK Ту со ж ET ЕНЕ 

^ = 9.616 — 9.09] ТҮ. From (1): 9.091 = 2 ҮК (101127), whence К 2 | (10 1 127 
Р 2 - TNT үүл 127 |... Jag, 10x 508 
= 0.240mA/V*. Check: At 0.25mA, gain = 2 V.244 | 101 — | = 2 V.06 x ————— = 4.804 V/V 

ра 10 + 508 
— OK. 
For an output distortion of 10%, as stated, from Eq 5.35, К 02 = | Б 2K (Ves — Vj) Ug, Or 
10 Vos 
(Vos = У,) = = 5v, = 5 (0.5) = 2.5V. 
Generally. К =W2k(W/L)=22=1mAW?. Ip =ImA, 1=K (vgs -V,)®> = 1 (Vp – 1). 
Vy 
Vp = (VI + ЮУ, gm = 2K (vgs - V) = 2 (Vp —1)=2 VI тА/У, r, = V1 = 501 КО, whence = 
-8т К, Il Rg Il ro 5-8 68, -28Х I V/V, and Ё; = 2229 = 10" КО. For I = 1mA Р 
| — gain 1+ 25 Ї 5 
R, = Rg: w/o; = —2 NI (Rg Il Rg Il r,) = -2 x (10511051 50) = —100У/У, R; = у - 99kQ. 
4 
For К =r: 0,0, = -2(10*1150|| 50) = —50V/V, R; = os = 196kQ. For Кү =R;: vA; = 
104 
-2 (104 R)z- R;), Ri = ———————, 
(1041 50 1 R;) = 22 (SO II R;), R 1*2 01 Бу? °' 
(50)R; 100 К? 

К; 1 +2 ——— | = 104, R; + ———— = 104, R? 2_ 174 4 

| 50+, R +50 R? + SOR; + 100R2z10*R; + 50х 104, 

Y 98.52 — 4 (— 

101R? — 9950 R; — 50 x 10* = 0, К — 98.5 R; — 4950 = 0, whence R; = ———M = 
Mz = 135kQ, and v,/; = -2 (50 1 135) = —73.0У/У. 
Note that while the lower end of r, is not actually grounded, the signal there is small. Assume it to be 

20006 Rc WM R Wr, 101 101 100 — —4.76 
zero. For Rs = 1kQ, gain "ў = — "Yes RS =- TEE RT xu —2.38V/V. For Rs = 
Vo  —4.76 _ Do -4.76 
, | = —— = —4.76V/V. F = 5, Я - а es 

ОО, gain | 76V/V. For Rs " 13376 1V/V. 


For the T-model, the equivalent resistor in the source is г; = Vgm = 10.725тА/ = 1.38 КО. The out- 
put resistance of the follower (with body effect ignored) is Ro, = г, Il rs = 47 11 1.38 = 1.34kQ. 
2 47 

- = ————— = 0.97 i 
Thus, the no-load gain is Go 138 4 47 0.971 V/V 
For load R,, the gain is С = (К/К + Rou))X Go for which GR, + СК ш = Сокі, and 
Ry = СК „КС — С). | 
For G 0.95 V/V, R; = 0.99(1.34 (0.971 = 0.95) = 63КО. 


For G = 0.90 V/V, К; = 0.90(1.34у(0.971 — 0.90) = 17.0kQ. 


For the situation in which J; is fixed, the g,, of the transistor is independent of V,: This follows from 
the fact that: ip = V2kK(W/L)(ugs — У,)?, 8m = 9ip/OUgs, or 

8m = V2(2)k (W/L)(Vgs = У,)  k(W/L)Qip/k (W/L))^. Thus gm = Qk(W/L)ip)^, depending only on 
ip = ls. 

Now, for X = 0.2, gay, = 0.2 (0.725) = 0.145 mA/V. Thus the additional load on the source is 
Vem = 10.145 = 6.90 КО. 
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SECTION 5.5: THE MOSFET AS AN AMPLIFIER 


5.23 


5.24 


5.25 


5.26 


5.27 


Неге ip = V2k (W/L)(ugs — V, = 0.5(2 x 107)(5 – 2)? = 9 mA, and 

Up = Vpp — ipRp = 12 – 0.5 x 109 x 10?) = 7.5 V. | 

For 06 =5 + 0.5 = 5.5 V, ip =1(5.5-2)?= 12.25 mA, and for vos =5-05= 45 V, 
ip = 1(4.5 - 6.25 mA. 

That is, current reduces by 9 — 6.25 = 2.75 mA, or increases by 12.25 — 9 = 3.25 mA. 

Total variation in drain current is 2.75 + 3.25 = 6.0 mA. 

Thus Vg = ij Rp = 6.0mA х 0.5KQ = 3.0 V. [Note that the gain is — 32 х 0.5) = — 3.0 V/V.] 

Here, from P5.23 above, К = V2k(W/L) = V2(2) = 1mA/V?. 


For Vps = + 0.5У, and Vgs = 5 V, the largest value of Vgs is 5 + 0.5 = 5.5 V for which ip = 12.25 
mA. For saturation, the smallest value of Ups 15 Vgs — V, = 5.5 – 2 = 3.5 V. Thus the largest valuc of 
Ку that can be used is R; = (12 — 35y12.25 = 6940. 


Now, for a 1 КО load resistor, and vgs = 5.5 V, operation is in the triode mode where 
ip = KQ(vgs — V;)Ups — 025), and ip =(Vpp —VpsYR_. Now with vps =v, for simplicity, 
(12 = у = 1(2(5.5 – 2)v — 95, or 12-02 70 – 17, or v? — 80 + 12 = 0. 

Thus v=(- —8+ V8? — 4(12)2 = (8 + 164 — 482 = (8 + 4у2 = 2 V. Thus vps = 2 V. 


Now for zero signal, Эс, = 5 V, ip = 9 mA, and ups 12-91 = 3 V, with operation just at the edge 
of saturation. Correspondingly, the negative output swing for a + 0.5 V input is 3-.— 2 = 1 V. 


For a — 0.5 V signal, ugs = 4.5 V, ip = 6.25 mA and Ups = 12 — 625(1) = 5.75 V, with output swing 
for — 0.5 V input being 5.75 — 3 = 2.75 V. Thus the ratio of peak voltage outputs is 2.75 to 1 or 2.75 
V/V. 


К = 12k (W/L) = ImA/V2, V, = 2V, Урр = 12V, Кү = 0.5kQ, ugs = 5V + 0.5V. Thus 
їр = К (ugs — V, = 1 (5 -2)* = 9mA, and Vp = Vpp — Rp ip = 12 — 0.5(9) = 7.5V. See, from Eq. 
5.44, that g, =2 Y K Y 1p =2V1 V9 = 6mA/V. From Eq 5.43, gm = 2K (Ves — V) = 2(1)(5 — 2) = 
6mA/V, in correspondence. From Eq 5.40, Vgs = -8m Rp = -6mA/V (0.5kQ) = -3.0V/V. For a 
+0.5V input, expect a 105(-30) = 415У output signal. From Eq 5.35, 
ip =K [(Vas — V) + 2K (Ves — Vi) Ves + К]. Thus for o, = £0.5V, ip = 1 (5-2)? +2 (1) (5 - 
2) 0.5 + (1) 0.52 = 9 + 3 + 0.25 = 12.25mA, for which vp = 12 — 0.5 (12.25) = +5.875V, and ip = 1 (5 
— 2)? + 2 (1) (5 – 2) (-0.5) + (1) (0.5)? = 9 - 3 + 0.25 = 6.25mA, for which vp = 12 — 0.5 (6.25) = 
8.875V. This is to be contrasted with 7.5 — 1.5 = 6.0V, and 7.5 + 1.5 = 9.0V, as calculated from a 
linearized model. 


1 wii 
K, = =) Са 7-7 y (10) (300/3) = 500pA/V?. рь =2VKVIp from Eq 54 or 
£m =2 Y0.500 144 22 2 = 2.83mA/V. Generally, gain = -gm Ё, = -10V/V implies that 
RL = = = DES = 3.53kQ. Operation is reasonably linear for v,, << 2 (Усу — Vj), but Ip = 
т * 


< 2Y40.5 = 2 V8 = 5.66V. For 1% nonlinearity, D,,~ 0.06V peak. For 10% nonlinearity ®„,= 0.6V 


V. 
Gain = —g,, (Rp 1 r;), where g,, =2VK Ip, and r, =, Now, at ImA, 9.091 = 2 ҮК (1) 


1 
VA ea VA 
10k 1 —- — — — (1), and at 0.25mA, 4.808 = 2 VK/ | 10k || a — — — (2). Thus (1)/02) 
10 V4 
9.091 10 + V4 | 4V4 +10 
= IL = ————— = — — wh .091V 0.91 = 9.61 . 
4.808 10 V, (4) 2 V, + 10 whence 9 A + 90.9 9.6 OVA c 24.040, and 
10+ 4 V4 


AILA 
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Now the follower output resistance is 1.34KQ 116.90KQ= 1.12 kQ amd the no-load gain is 


G, = 


6.90 11 47 


1.38 + 6.90 11 47 


= 0.814 V/V. 


For a gain of 50%, 0.5 = 0.814 х КДК; + 1.12) or 0.50К, + 0.56 = 0.814R,, ог 0.3148 = 0.56 or 
RL = 1.78 kQ 


SECTION 5.6: BIASING IN MOS AMPLIFIER CIRCUITS 


5.32 


5.33 


+9V 
10MQ 
10Ма. | 
1 
Thus 1 = 


49V 


Ret 


VG 


Check: 


That is, 


RG2 


4.166 — 3.29 


1.75 


ор > 4.166 – 1.0 


10ка 


10kQ 


72 + V 722 — 4 (100) (12.25) 


200 
1.74V, up = 9 ~ 2.76 = 6.24V, Ups = 6.24 ~ 2.76 = 3.48V. Now, saturation prevails while vgs S 1.0V. 


Thus the maximum negative swing is 6.24 — 4.5 + 1 = 2.74V. The largest positive-going ee signal 
(for cutoff) is 9 — 6.24 = 2.76V. 


For this device, V, = 2V, K = V2k (W/L) = 0.5mA/V2. Assume 
saturation: For V, = 2V, Vg = 1/2 (9) = 4.5V, I = K (vgs – V,)* = 
0.5 (06у - 2)2 --- (1), and vgs 245—101 ——-(2). Sub- 
stitute (2) in (1) — 2 I = (4.5 – 101 — 2)? = (2.5 – 101)? = 625 —50 
I + 100 77, or 100 7? — 52 I + 6.25 = 0, 
2 — 
"THE: Y 522—4 52 + 52? — 4 (100) (6.25) (6. 25) 


2 (100 

value). Us = 10k (0. 130) 21 89V, ugs = 4.5 —1.89 = 2.61V, Vp 
9 — (10KQ) (0.189mA) = 9 -41.89 = 7.11V, and vps = 7.11 —1.89 
5.22V -» OK, saturation. Operation remains in saturation until 
Ugp 2 V, = 2V, ie, for ugs = 2.61V, and ups 2 2.61 — 2 = 0.61V. 
Thus the peak negative-going output signal allowed is 7.11 —(1.89 + 
0.61) = 4.61V. But note that the largest positive-going output sig- 
nal (for cutoff) is 1.89V. 

Now, For V, = 1V, I = 0.5 (vgs — 1}, and vgs = 4.5 — 101. 21 = 
(4.5 —10 J -1)? = (3.5 — 107)? = 12.25 — 701 + 100/7, and 100/2 — 
721 + 12.25 = О. 


= 0.189mA, (or too large a 


= 0.276mA. vs = 10 (.276) = 2.76V, 0с; = 45 — 2.76 = 


The design is required to Sidur the following variations: V, from 1 
to 2V, K from 0.3 to 0.5mA/V?, and Ip from 0.5 to ImA: Largest 
current occurs when V, smallest (1V) and К largest (0.5mA/V^?).. 
Thus 1 = 0.5 (vgs — 1)?, or vgs = € 24 1 = 2414У — - - (1). 
Smallest current when V, largest (2V) and К smallest (0.3mA/V?). 
Thus 0.5 = 0.3 (ugs - 2f), and vgs = 1.67 + 2 = 1.29 + 2 = 
329У – – – (2) From (1), a = 1mA, where R = Rs. 
Үсс — 3.29 
From (2), ай M 0.5mA. See Veg — 2.414 = R, and 2 Vgg - 
6.58 = R. Subtracting, -Үсс + 4.166 = 0 — Vgg = 4.166V. For 
Vcc = 4.166V, Rg; = 10M Q, Rg = 4. 166") = = 8.6MQ 


(Use 8.2 MQ), and Rs =К = 4.166 — 2.414 = 1. 75к0 (Use 1.8 КО). 


= 0.507mA. Now for Їр = тА, V, = 1V, and а 0.5V signal, Эр > Vgg – V,. 


9 — (3.166 + 0.5) 


TT = 5.33kQ. (Use 5.1КО). 


3.166, and Rp = 
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49V For V, = 2V, and k (W/L) = 1.0mA/V?, ip = V2k (W/L) (ugs — У,)?, 
| — D 
ap = И2(1)(®єу 22) = 0.5 (vcs -2), and ip = мэн Thus 
10MQ 20ка 9 — vgs = 20 (0.5) (ugs – 2)", 9 — vgs = 10 Ves — 40 ос; + 40, 
Ч 392 — 
10 х2; — 39 ugs + 31 = 0, whence Ugs = а ше) 
. = 29V. ору = 2.79V, and Ip = LÁ = 0.311mA. For nega- 
tive peak outputs of up to 2Vp, operation remains in saturation. For 
9 — V 
V, 21V, ip = 0.5 (о — 1), and ip = мэн 


9 — 065 = 10 (065 – 1)? = 10 ves — 20 065 + 10, and 10 025 — 19 vgs + 1 = 0, whence Vgs = 


4 12. | _ 
11010 = 24. a = 1.845V. Thus vps = 1.85V, Ip = 2 ae = 0.358mA, with a 


2 (10) 
1V peak signal allowed. 


For Кє» = 10MQ from gate to source, Ups = 2 06у. For V, = 2V, ір = V2(1.0)(0gs — 2)? and 


| 9-2 VGS 2 2 2 
lp = шилжин Thus 9 — 2 065 = 10 (Ugs — 2)” = 10 0с; — 40 065 + 40, and 10 Vés — 38 Ves + 31 
38 + V 382 — 4 (10) (31) 38 + 14.28 
Te 0, h = тыл н ge теит eee = ———— = Ф е 
whence Ugs 2 (10) 20 2.61У 
Thus ups = 5.22V, and Їр = 9 = 9-22 _ 0.189mA. For negative peak outputs, 5.22 —2.61 + 2 = 4.61V 


20 
is allowed for operation in saturation. 


_ 9-2 Vos 


For V, = 1V, ip = 0.5 (065 - 1)? and ip = — 5g - Thus 9 - 2 Ves = 10 (ves - Dt = 
Ч 182 — 

10 02, — 20 Vgs + 10, and 10 02, — 18 vgs + 1 = 0, whence Vgs = з= е = = ae а 

1.74V. Thus ups = 3.48V and Їр = ын = 0.276mA, with 3.48 -1.74 + 2 = 3.74V negative output 


peaks allowed, while saturated operation prevails. 


хэс Here, V, varies from 1 to 2V, K = Lk (W/L) varies from 0.3 to 
0.5mA/V?, Ip varies from 0.5 to 1mA. The largest current (1mA) 
10ма R occurs for the smallest V, (1V), and largest K (0.5mA/V?). Thus 


1=0.5 (06у — 1). Ves = 2414V, and R 2 € > 2.59КО, 


The smallest current (0.5mA) occurs for the largest V, (2V) and smal- 


lest К (0.3mA/V?) Thus 0.5 = 0.3 (ugs - 2)2. vgs = V1.6 + 2 = 


59 -- 3.4 


3.29V, and R < IL < 342kQ. Use R = ITO = 3.0kQ. 


Because of feedback, the effect of variation is reduced. 


The circuit automatically allows a negative signal 2 V, » 1V but the gain is smaller than in P 5.33, since 
R here (3.0kQ) is less than Rp there (5.2kQ). Raising R to (say) 3.3КО would be allowed here, and 
would improve the gain by 1046. 


In P5.36 above, the minimum negative-going signal is 1V. Here it should be 1.5V. That is, we want 
Ups = 065 + 0.5У for the case in which V, = 1V. 
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5.39 


5.40 
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For smallest V, (and also the largest current), from the results in 
P5.36, ugs; = 2.414V, and Ups = 2.414 + 0.5 = 2.914, with 


R> ILIUM = 2.09kQ. If we use Кс = 10MQ, Rg; = 2414 
RG1 R (0.5) = 2.07MQ. Use Rg; = 2.0МО. Now for V, = 2V (and also the 
smallest current), from the solution for P5.36 we see, 0с; = 3.29V, 


and Ups = ЫН х 2.0 + 3.29 = 3.95V. Thus R < LL S 2.1kQ. 


RG2 Notice that a solution barely exists, using R = 2.1kQ, essentially as a 
consequence of a demand for large signal swings with a limited sup- 
7 Bi ply voltage. 
965 2 
| Here, V, --4У, [pss = 32mA. For Ip = 8mA, 8 = 32 (1 – 207 Y: 
+9V 065 2 965 
Thus (1- SU ) = 14, - v + 1/2 —1 = —1.5 ог —0.5, and VGs 
p p 
RG1 RD = 0.5V, = -2У. Now for a negative swing of 2V to the edge of 


saturation, Эр 2 ug + | V, |. Now for the largest possible value of 
Rp, Vp will be lowest and vg lowest. The lowest possible vg is OV, 
with Rg; =œ and Кє) = 10МО, in which case А; = 2V/8mA = 
0.25КО, and Vp 2 0 + 4 = 4V for lowest swing or-4 + 2 = 6V for no 
signal, with Rp S 9-6/8 = 0.375kQ. Note that for a 2V positive out- 

RG2 RS put swing, Up rises to 6 + 2V = 8V, and the transistor is not yet cut 
off. OK. Note that this design with no biassing supply is relatively 
sensitive to device variability, all as a result of wanting a large signal 
swing with a small supply. 


Here, ip = Юр, Cox (W/L)(ogs – V) = V2 x 20 x 10 $(42)(2.5 — 1)? = 45нА. 
Thus, assuming the Early effect to be negligible, Оз operates at 45 ДА. For а 5 V supply 
R =(5 — 2.5у(45 х 1079) = 55.6 КО. | 


Transistor Q, remains in saturation for Vg > (ugs - Vj) 225-12 1.5 Vor vo 2 1.5V. 


In triode mode, ip = Hn Cox (W/L)[(ogs — V;) Ups — 0652]. Now for ip reduced to half, for Ups =v, 
452 = 20(42)[(2.5 — 1)v — 020], or 0.5625 = 1.5v — 022, or v? — 30 + 1.125 = 0, whence 

) 5(--311 132 — 4(1.125)у2 = (3 + 2.121y2 = 0.439 V. 

Thus the current reduces to 1/2 normal for 0р5 = Vg = 0.439 V. 

Check: ip = 20 x 2[(2.5 — 1)(.439) — .43972] = 22.5 uA. 


For a 1 MQ output resistance at 100 pA output, Va = 10° x 100 x 107 = 100 V. This requires that the 
output transistor have a channel length L = 100V/10V/um = 10pm. Use this for both transistors. For 
the edge of saturation at Vg = 0.5 V, ugs = 0.5 + У, = 1.5 V. Now for О), 25 = 20(W/10)(1.5 — 1)?, 
ог W, = 25 x 10(10(0.5)) = 100ши. 

Correspondingly, W2 = (10025)W, = 4(100) = 400um. The output current will be exactly 100 pA when 
О; and Q, operate identically, with Ups = 065 = 1.5 V and Vg is 1.5 V above the negative supply. For 
operation at Vg = 5 V above the negative supply, 


ig = 100 x 10° + (5 — 1.5)106 = 103.51A. 


- 238 - 


SOLUTIONS: Chapter #5—12 


5.41 


+ VDD + VDD...*. МОЮ 


x4 l 


10 uA 16 40 [лоо E д 


T 


+ 
« 
O 
о 

Š 


55-41(а) = 4- -шт 4 
e 


Topology A: This design is relatively straightforward, except that it p-channel devices operating at twice 
the current density of the n-channel. Widths are as indicated: 8 transistors are needed. The total width 
of the NMOS is ZW, =4+2+16+40+4= 661m. The PMOS width is ZW, +2 + 4 + 8 = 14um. 
If the same current density is used in the PMOS, the total PMOS width would be double, namely 2(14) 
= 28um. Notice, incidentally, that neither of these designs, nor the others to follow, compensate for the 
Ш ratio r. For such compnesation, multiply all the PMOS widths by r. 


Topology B: If both ends of Iggr( = 1OLA ) are available: 


+ VDD +VDD + VDD 


P 


x4 


> 
p 
e 


.VSS  -|VSS -|VSS -|У55 
S5-A1(b) 
E 


This is a design for equal current densities in the PMOS and NMOS transistors: #Т = 7, ZW, = 62 
um, ZW, = 28 um. 
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Topology C: The attempt herc is to сгсаїс the 5 НА output separately without making all the other 
transistors twicc as large. 


+ VDD +VDD + VDD * VDD 


} 
i 


This uses 9 transistors but it is smaller: ZW, = 36 um and ZW, = 16 um. 


SECTION 5.7: BASIC CONFIGURATIONS OF SINGLE-STAGE 


5.42 


5.43 


5.44 


IC MOS AMPLIFIERS 
For Fig. 5.44а) 
Input: Operates at Vgs = 2 V. 
Output; Source saturates at 5 — 0.5 = 4.5 V; amplifier saturates at ugs — V, =2-1= 1 V. 
Overall: Input: 2 V. Output: 1 V to 4.5 V. 
For Fig. 5.44b): 
Input: Operates at — 2 V. 
Output: Operates from + 4.5 V to — 1 V where the drain falls V, below the gate. 
Overall: Input - 2 V. Output: — 1 V to + 4.5 V. 
For Fig. 5.44c): 
Input: Saturation at uj = 5 + 1 = 6 V. 
Output: Sink saturates at — 5 + 0.5 = — 4.5 V. Driver saturates at 5 + V, — Vgs = 4 У. 
Input: For output at — 4.5 V, input is limited to — 4.5 + 2.0 = — 2.5 V. 
Overall: Input: — 2.5 V to + 6 V; Output: — 4.5 V to 4 V. 


-— тал Y 10 11001 
Eq 5.101 indicates A, = NET Let I = Iger. For I = 254A: А, = T NE = —63.2V/V. 
REF 
\ 1 0 (100) _ у 10 (100) — 


For 1 = 2.5рА: А, = - 200V/V. Еог1--0.25НА: A, —632V/V. 


2.5 0.25 


For the diode-connected NMOS (сай it Q4) of half the width of Qj, its width is also half that of Qa. 
Thus, Q4, Оз have the same К, and the same V,. Thus ogg 5 = ogg? = 5/2 = 2.5V. 


Iggy = i = (V2) X 20 X —— E e (2.5- 1)? = 112.51A, with a total supply current = 2 (112.5) = 225нА. 


For 0, i = 1125 = A х 40 x 100/10 (vgs — 1)? = 200(vgs — 1. Thus vg = 065 = 1 + 
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5.48 (continued) 


а T G ы loss 
у у v 
- > Ivi 
D D 
v Z | V, | saturated v =| V, | saturated 
v <| V, | triode v «| V, | triode 
V< 0 triode v < 0 triode 


5.49 Assuming no back-bias effect: 


5.50 


(a) 


(b) 


(c) 


(d) 
(e) 


Devices identical, V, = 5/2 = 25V, i =K (0с; — У,)? = 1 (2.5 — 2? = 025mA. Thus /, = 
0.25mA. | 

Lower transistors operate as one with К = 2mA/V*. | Here for V2=0, 
i = 1 (5 — v —2)? = 2 (о —2)?, (3 — v)? = 2 (0 – 2}, 3 — v = + V2 (0 2) = + 1.414 v + 2.828. 
Thus, 3 — v = 1.414 v -2.828, or 3 — v = —1.414 v + 2.828. Correspondingly —2.414 v = —5.828, 
v = 2.414V, for which i = 2 (2.414—2)? = 0.343mA. Thus V2'= 2.414V, I; = 0.343mA. 


Із operates at psg if the upper transistor is in saturation, in which case, 
i =K (ugs - V =1(--2)? = 4mA = 13. Also i = К (vgs – V, or 4 = 1 (005 — 2), 
vgs — 2 = + 2, whence ugs = 4V (which is too high to allow the upper transistor to saturate). 


Thus, the upper is in triode mode, the lower in saturation. For v= V3, 
i = K (2 (0 - -2) (5 – v) – (5 – v) = K (0-2). 20- 4% – 25 + 10 v-v? = 02 – 404 4, 
20? – 100 + 9 = 0, v= 2 0) 
value), for which i = 1 (3.82 – 2)? = 3.31 тА. Thus /; = 3.31mA and V; = 3.82V. 
From Symmetry, V4 = 2.5V, and /4 = 1 (2.5 — 2)? = 0.25mA. 


From Symmetry, Vs; = 5/2 = 2.5V, and 1,5 = 1 (2 (2.5 — 22) (2.5) 225) = 5 (4.5) — 2.5? = 
16.25mA. 


g0: ХЭ = DM = 3.82V (or an impossibly low 


Here V, = -1V, Кр = 90PA/V?, and К; = 10pA/V?. Ignoring the 
body effect, and assuming both in saturation, i = К (vgs — V,Y. For 
the driver, 2һр = 2Кр (Vgs — V;) = 2Kp \ i/Kp =2 М Кр і. Рог 
the load, gn, = 2 У K; i. Ignoring rọ, (and back-bias effects), gain 


к за ег = — Ү КЫК, -Y9010 = -3VIV. 
o/ ÉmD a PEE DKL 


For vog = Vpp/2, i = Кү, (-2.5 - -10? = 10 (1.52) = 22.5uA. Now, 
for Ор, 225 = 90 (-5 - vw) - —1)?=90(%;—4)?, ог 
9-4-1 Y 22.590 = + 0.5, оу = 3.5 ог 4.5 (по! possible). Thus v; 
= 3.5V for Vg = Vpp/2. Equation 5.78 applies while devices are both 
in saturation: ie for og down to 1У,1, or og = 1V, where v; = +4V 
(at cutoff), and ug up to ug 41 = y. 


45V 
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For Ор: = 90 (5 — vj — 1)’, For 01: i = 10 (vg — 1). Thus 90 (4 – y = 10 (00-10), or 3 (4 – 
0) = Vg — 1, or Vg = 13 — Зуу. Check: For v; = 44, Vg = 13 — 3(4) = 1V as found before. Now for 
9) 50041, Vo = 13 ~ 3(% + 1) = 10 — Зоо. 400 = 10V, vo = 2.5V, for which v; = 2.5 + 1 = 3.5V. 
Check: For v; varying from 4 V to 3.5 V, vo, varies from 1 V to 2.5 V, respectively. That is a 1.5 V 
change results from а — 0.5 V change, consistent with a gain of — 3 V/V. 


Eq 5.25: V, Vot Yl V 20, + Voz — ү 2Ф, 1. Eq 5.84: 

45V = Y Eq 5.83: „= . The upper output voltage limit is 
X 226, + Vg; q Emb = X Sm pp put voltage 

- V,. Thus V, = 0.9 + 0.5 


Von - V, = 5 — V, at which Vsp = 5 
(\ 0.6 + 5 — V, - Y 0.6), or V, = 0.513 + 0.5 Y 5.6— V,. 


vo Iterate: Try V, = 2V, V, = 0.513 + 0.5 5.6 — 2 = 0.513 + .949 = 1.46, V, = 

0.513 + 0.5 V5.6 — 1.46 = 1.53V, V, = 0.513 + 0.5 15.6 — 1.53 = 1.52V. 
Thus the upper output voltage is 5 — 1.52 = 3.48V, at which V, = 1.52V, and х = yA 2 Ч 2Ф, + Vsg) = 
0.5/(2 V 0.6 + 1.52) = 0.172, and g,, = 0, since ip is zero at the upper limit. At Vg = OV, ИУ; = 0 


and V, = 0.9V. Thus i = К (ugs — V, = 10 (5 — 0— 0.9)? = 6.168mA, for which gm = 2K (vgs — V) 
= 2 (10) (5 — 0 — 0.9) = 82H A/V, and x = Y 2 Y 2 Ф; + Узв) = 0.5/(2 Y 0.6 + 0) = 0.323. 


From P5.51: At Vo = 2.5У, Vse = 2.5V, V, = Vio + Y (V 20, + Узв — N 2@,) = 0.9 + 0.5 (V0.6 + 2.5 
— Y 0.6) = 1.39V. Now, ры, = 2K (ugs — V;) = 2 (10) (5 — 2.5 — 1.39) = 22.2UA/V; i = К (ugs — VY 


= 10 (5.0 – 2.5 — 1.39)? = 12.3А, x = — = 0.142. Thus, g,5 = X £n = 
| | НКЕ SID нүш 2106+25 W 
.142 х 22.2НА/У = 3.15НА/У. Also gmp = 2 K МК =2VKi = 2 V90 х 12.3 = 66.54НА/У Now the 


overall voltage gain = -8mp (Vgm ЇЇ Мень) = — 66.54 ((1/22.2) Il (1/3.15)) = — 66.54uA/V (45.0k 1 
317k) = — 2.62V/V, rather than — Y 90/10 = —3V/V that the basic calculation would indicate. 


Assuming V, includes the  back-bias effect, i, =K (Vgs — V)? = 22.5 (0 – 2.0)? = 90pA, 
ёт, =2K (065 — У,) = 2 (22.5)2) = 90A/V, 8mB = Х £n, = 0.2 (90) = 18A/V, r, = Үү, = 50/90pA 
= 556КО, gmp =2 VK i, =2 90х90 = 180НА/У. Thus, gain (around Vp = 2.5V) is -8m 
(ro ro ll gg) = — 180ДАУУ (556k/2 Il. 1/18A/V) = —0.180 (278k І 55.6k) = —8.34V/V. 


This again applies reasonably well until the load enters triode operation at ug = Vpp —|У,|=5—2= 
3.0V, or until the driver enters the triode region at Vg =v. Now for the lower level, i; = 901A, that is 
90 = 90 (ugs — 1)? > vgs = 2V. Now for 065 = 2V, triode operation begins at Ups = 0с; — V, 22-1 
= 1V. In actual fact, as Vg falls from the middle, that is from 2.5V to 1V, input must rise by (2.5 — 1) 
/8.34 = 0.2V. Thus, the output range is from 3.0V to about 1.2V. 


SECTION 5.8: THE CMOS DIGITAL INVERTER 


5.54 


For the NMOS, К, = l2u, C (W/L) = 1/2(100)(2/1) = 10044/V?. Since the inverter is matched, 
К, - 1004A/V? also. With a 3.3 V supply, Уон = 3.3 V and Vo, = 0 V. 


Now Ун = (18)(5Vpp — 2V,) = [5(3.3) — 2(0.8)/8 = 1.86 V, and Vj, = 3.3 – 1.86 = 1.44 V. 
Thus NMy = Уон — Vig = 3.3 – 1.86 = 1.44 V, and NM, = Vj, — Vo, = 1.44 — = 1.44 V. 
Now, by symmetry, У = Vy = Vpp/2 = 3.32 = 1.65 V. 

Peak current from the supply is ip = 100 х 109(3.32 — 0.8)? = 72.25 pA. 


Current is half the peak at ugs = v when one of the transistors 15 in triode operation, and one is in 
saturation, where 72.252 = 100(v — 0.8)? or v = 0.8 + 0.362^ = 1.40 V. 


Thus by symmetry, half-current operation occurs at v; = 1.40 V and 3.3 – 1.4 = 1.90 V. 
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Current is one-tenth the peak value where v = 0.8 + ((72.25/10)100)^ = 1.07 V. 

Thus 1/10 peak current occurs at o; = 1.07 V and 3.3 - 1.07 = 223 V. 

For output resistances at the output limits: 

For triode mode operation, ip = K(W/L)[(ugs — V,)Ups — vós/2]. 

For small Ups, ip = k (W/L )(ogs — V,)Ups, and 

гру = Uk (W/L)(ugs — У,) = W(100(2)3.3 — 0.8)) = 2 x 10?Q. 

Thus the output resistances in each extreme state are 2 КО. 

For output currents of peak value =72.25uA and triode operation with full input signals: 
72.25 = 200[(3.3 — 0.8)ups — v5y2], or 0/2 — 2.5ups + 0.36125 = 0, or 025 — SUps + 0.7225 = 0 
and Ups = (— – 5 + V5? — 4(0.7225)y2 = (5 + 4.702 = 0.15 V. 

Thus, the peak current of 72.25 uA flows at Vg = 0.15 V and 3.15 V 


-15 
From Eq. 5.102, рш, = tpu = С = сес ы ^. = 12.12 x 107! = 0.121 ns 
k (W/L), Vpop 100 х 10°°(2/1)3.3 


and the average propagation delay is tp = (tpu + tpy, = 0.121 ns. 


Alternatively: For saturation mode operation initially, ip; = (12)100(2/1)(3.3 — 0.8)? = 0.6125 mA, and 
at the mid point: ip; = 100(2/1)[(3.3 — 0.8)(3.32) — (3.32)72] = 200(4.125 — 1.36) = 553 pA. 

Thus the average current is (553 + 612.5)2 = 583 uA | 

_ 50 x 107P x 3.32 


583 x 1079 
For operation a) with an ideal (0-п5) input, dissipation is entirely dynamic, Py = fCVgp, ог 


-15 2 
P, = СҮ» _ 50x10 8x33 _ 1.125 mW at a frequency of I(4(121x10712)) = 2.07 GHz. 
^ 4t | 4(0.121 x 107) 
b) with transition times of 22,, an additional power is lost due to device-to-device current whose peak 
value is 72.25 ДА (from P5.54 above). Average power loss per transition is the product of the half the | 
peak current and the supply voltage for the duration of the active part of two transitions, while both dev- 
ices conduct as the input goes from 0.8 V to 3.3 — 0.8 = 2.5 V. Thus the average power loss in two 
transitions/cycle is (72.252) x 3.3 x 2((2.5 — 0.8)2 x 1,3.3УМ, = 61.4 uW. Thus the total power loss is 


1.125 + 0.061 = 1.186 = 1.19 mW. 


See that for this logic, at this supply voltage, at this frequency, that the dominant loss is due to load 
capacitance charging, (ie fCVpp). The delay-power product is, DP = 0.121 x 10? x 1.19 x 10? = 0.14 
pJ. For the approximation on page 435 of the Text, DP = CVĝp = 50x 1075(3.3? = 0.54 pJ. Note 
that this is essentially 4x the earlier value, simply because in the Text, f is assumed to be Ир. 
f = Qt)! would have been a better choice. 


and t, = 0.142 x 1095 = 0.142 ns. 


SECTION 5.9: THE MOSFET AS AN ANALOG SWITCH 
5.56 Now, for 10mV to ground with a 3.3V, 2.1КО source, ір = (3.30 - [= 2.1КО = 3.29V/21kQ = 


5.57 


0.157mA. Now in the triode region, ip = К |2 (Vgs — У,) Ups — 005 K (2 (Ves — Vi) Ups), or 


0.157 x 10? = 1/2 x 20 x 106 x W/10 x 2 (5 – 1) (10 x 1073), or 0.157 = 10 x 106 x 2 (4)W. Thus 
W = 0.157/80 х 10% = 1963um, which is quite a large device! Now, if 0.10V were acceptable: 


_ (30 —10y 21 Е. 
W 2c x 10% = 190pm. 


К, = 0 (20 х 1079) (SOL/L) = 500pA/V2. Assuming Hp = Юи, with W, = 2W,, 
then К, = K, = 500uA/V. Now, for operation in the triode mode, 
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5.59 


а) 


b) 


5.60 
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ip = K | 2006 — У,) Ups — Обу | = 2K (vgs — V,) Ups, and rps = Ups/ip = 2K (ugs — У,)). Now, 
for Vj = -5V with Vg, = +5V and Vg, = —5V, only the n-channel device conducts with 
rps = W2(500x 1079) (5 – ~ 5 — 2)) = 1250. Now, with 5kQ load, ac loss in the switch is 125/(125 + 
5000) = .0244 or 2.4%. Now, for V; = 45V, with K, = K,, the result is the same and the loss is 2.4% 
іп the switch. Now, for V; = OV, with Vg, = +5V, Vg, = —5V, both switches conduct (equally), with 
rps = 1/(2 (500 х 1079) (5 — 0 — 2)) = 333.3Q each. Thus the total switch resistance is 333.3/2 = 1670, 
and the ac switch loss is 167/(167 + 5000) = 0.0323, or 3.2%. 


SECTION 5.10: THE MOSFET INTERNAL CAPACITANCES AND 


HIGH-FREQUENCY MODEL 


Gate oxide capacitance ranges from 1.75 fF/um? for 20 nm oxide to 0.35 fF/um? for 100 nm oxide. For 
а 1 pF capacitance of area W? in the thin-oxide technology, 1 x 10? = W? x 1.75 x 1075 апі W = 
23.91 m. 


For the thick oxide, W = [(1 x 107!2у(0.35 x 107!5)]^ = 53.5. 
For the minimum-size MOS, the area is W X L 224 x 1.2 = 2.88 um?. 


Over the range of oxide thicknesses, from 23.92/2.88 = 198 transistors, to 53.52/2.88 = 994 transis- 
tors would be required. 


Here, Lj, = 0.15 um, Cg o = Capo 40 fF for a 10 um wide device, Vg = 0.8 V. From Table 5.1 on 
page 364 of the Text, for t = 20 nm, Cox = 1.75 fF/um?. 


For (W/L) = — (100 um/2.4 um), апа Loy = 0.15 шп 
Coy = WLoy Cox = 100 x 10% x 0.15 x 10% x 1.75 x 1077107? = 26.25 fF 

Basic Су, = 23(WL)C,, = 23 x 100 x 10% x 24 x 10% x 1.75 x 1077107? = 280 fF, in saturation. 
Including overalap, C,, = С, + Coy = 306 fF. Basic Сш = 0.0fF, in saturation. 

Including overlap, С, = Сш + Cov = 26 fF. 


Now assuming the source and drain areas are proportional to the device width, then 
Cbo = Capo = (4010)100 = 400 fF and since IVpgl = |Vsgi = 2 У, from Eq. 5.11, 


C.p = С = 40011 + 2.00.8)" = 214 fF. {This can be seen directly from Ex. 5.41, since Ig = |Vpgl 
is also 2 V there.) 


For (W/L) = (10/24): 
С» = 10x 10% x 0.15 x 106 x 1.75 x 107 410^? = 2.62 fF. 

Cys = 23 x 10x 10$ x 24 x 10% x 1.75 x 10724107? = 280 fF 

Cys = Coy + Cys = 282.6 fF, and Сы = Cw + C44 = 2.6 fF, and Cy = 214 x 10100 = 21.4 fF, and 
Cy = 214 fF. | 


For the wide transistor at 100 pA: | 


From Eq. 5.44, gm = Qk,(W/L)Ip)^ = (2 х 100 х 1071002.4)100 х 1076)^ = 9124AW. 


and C,, = 306 fF and Сш = 26 fF. 
Thus fr = g,/2n(C5, + C44)) = 912 x 10 $(2n x (306 + 26) х 1077) = 437 MHz. 
For the longer transistor at 100 НА: 

gm = (2 X 100 x 1075(1024)100 x 1079)^ = 91.3рА/У. 

and C,, = 283 fF, and Сш = 2.6 fF. 

Thus fr = 91.3 x 10 $(21(283 + 2.6) х 1077 = 50.9 MHz. 
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Now at 10 ДА, a reduction by a factor of 10, g,, will reduce by Ч10 = 3. 16, апа so will /т to 138 MHz 
and 29.9 MHz for the two transistors. 


From Exercises 5.41, 5.42, Cs = 30.6 fF, C, = 2.6 fF and fr = 1.38 GHz. For drain and source 
grounded, the input capacitance is C = 30.6 + 2.6 = 33.2 fF, whose impedance at fr is 
Z = VOnfrC) = W2n x 1.38 x 10° x 33.2 x 1075) = 3.47 kQ. 


Now for a voltage gain of — 2 V/V, the input capacitance becomes Cin = 30.6 + 2.6(1 – —2) = 38.4 pF. 
At f 1/10, Zi, = (2n x (1.38/10) х 38.4) = 30.03 КО. 


SECTION 5.11: THE JUNCTION FIELD-EFFECT TRANSISTOR (JFET) 


5.62 


5.63 


5.64 


For V* = 4V, operation is in saturation, and ip = [руу (1 — ve 10 (1 – 20- = 10mA. 

For V* = 2V, operation is at the edge of saturation and ip = 10mA, also. 

For V* = 1V, operation is in triode mode, and ip = = E (Ugs — Vp) Ups — (Ups y | ог 
TE [2 (o - 2) jx p |+ 40 (4- 1) = 7.5mA. 

For ip = 25 = mA = 42 Ї (2) Ups - Vs | 2 = 4 vps — vps, Vis — 4 Ups + 2 = 0, and 
Ups = еш = B, =2+V2 = 3.414 or 0.586V. Clearly V* = 0.586V. 


Check: ip = Ї (2)(.586) - .5862 | = 5А. 


| "P ‚ — [pss 
For triode-mode operation: ip = ES E (065 — Vp) Ups — обу | 
р | 


Now, for ip = 5mA, 5 = 17 Ї (065 + 2) 1-1. | whence 2 = 2 (ugs + 2) -122vgs + 4 - 1. 


Thus vgs = 2 5 З 2-0.5Ү, 


Check: ip = 2 Ї (-0.5 ——2) 1—1 | = 2.5 [2 (1.5) —1] = 5mA. 
| 10 j | 0.4-3 
Now, for ip = ImA, 1 = -7 2 (VGs +2)1-1° |, or 0.4 = 2 vgs + 4 — 1, whence Vgs = 2 = 
—2.6 
—— =-1.3V. 
2 
| ; Ipss 2 
For triode operation: ip = vi 2 (Ugs — V») Ups — Ups |. 
p 
For small Ups, ip = ?. (v — V,) Ups, and r a —M— X -- 
dal à 4 Рә б P5. 10 215 2Ipss (005 — Vp) 
ү? (965 НЫ V») 
p 

22 

Now for = = 10mA, V, = -2V: For vgs = OV, rps = 2X 1p @--2) ` 1002. For ugs = —1V, rps 


—À $270 0 19 E --2У, шог UNE ST rse, since at 0с; = 
2x10 С1---2) 0 Of VGS Гру 2 х10(-2--2) (Of course, since GS 


—2V, the switch is cut off!) 
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SOLUTIONS: Chapter #5—21 


5.65 For Ups = 2V, and V, = —2V, the JFET is just at the edge of saturation, for which 


5.66 


5.67 


2 2 
I V v 
ip = К (005 - V! = —=у- (Ооз - Vp) = Iss | I —- |, or 5-10|1- S. |, and 
o Vg ү, -2 

065 Г | 

1 + с = % = .107. Thus vgs = 2 (0.707 —1) = —0.586V. 
2 

Check: ip = 10 | 1 — = | = 5.00тА. 
For Vgs = —0.586V, ups = TV, 5.10 = 5.00 (1 + А (7 — 2)), or 0.10 = 25А, whence A = Se = 0.004У-!. 
Thus V4 = = = vu = 250V, and r, (at 5mA) = DY = 50КО. 


GS 


1) 
More painstakingly: In saturation, ip = [руу | 1 — y | (1 + vps). Thus, at vps = 2V, 5 = 10 


р 
DGS vU : 
m3 азау aat =V, 5 210 [17 29. (1 4- À 7). 


5.1 1+ 7А | 02 
—— = = 1.02, 1 = 1.02 : Я = ———— = 0), a 
5 T+ OL 02, ог 1 + 7А = 1.02 + 2.044, whence A 72304 0.00403У 
й | 
ue GS 


/__1___ 
_; = 20100806) ^ 0.7043, whence ugs 


EY 
ө " D 
= 248V, and г, = | Ipss mE = 
р 


Divide: Thus 


(1 + 2 (.00403)), or | 


Ч 
Thus 5 = 10 m- 


= —2 (.2957) = 0.591V, for which V4 = 


1 
‚00403 V, 


(10 (.7043)? (.00403))! = 50.02kQ. 


2 


мин [ру WB EY 2 Ves |... 
Now, ip = Vr 2 (065 — Vp) (Ups) — Vps | in triode mode, or ip = [руу |1— y in saturation. 
р р 


(a) For p-channel; ugs = 0; Vgp = 5V — saturation. Thus /, = [руу = 4mA. 


2 
V 
(b) For n-channel; 0рс = 5V — saturation. Thus ip = Ipss |1 ~ o | ‚ог1=4 | 1- pus | , Or 
p E 
VGs 


i- "ox + Л, whence Vgs = 2 (t й -1) = -1 or —3 (cutoff). Thus V, = vg – 065 =0——1 = 
1V. 

(c) For n-channel; ip < /pss — triode. Thus 1 = ^ (2 (0 — —2) ups — vas), or uos — 4 ups + 1 = 0, 
whence 0р5 = SEO! = 0.268V, or very large. Thus V, = +0.268V. 


(d) The p-channel device is operating with the gate somewhat forward-biassed in the triode mode. 
. — pss 4 | 
Thus ip = TY (Ves — Vp) Ups — Vs), or 1 = — (2 (Va — 2) (Va) -(V4))) = 2V2 - 4Va – Vj, 
ў 44V16-4(-1) 484472 


or V? — 4V, — 1 = 0, whence V, = шэн хаян = ни = —0.236V. 
: 2 
For the lower device, assumed to be in saturation, ip = Ipss | 1 — 2 | ‚апі Vgs = —ip (1kQ) = -ip. 
2 р 
Thus, =(2-ip)*, 4 — 4 ip + 41-41, id —5ip + 4 = 0, whence 
ML LION _ 
р = ни ас 1 ог 4mA (not acceptable). Ip = 1mA and vcs = -1V. Now, the 
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5.68 


SOLUTIONS: Chapter #5—22 


upper circuit is the same. Thus, the since the gate is at OV, source is at +1V and Vg = OV. 
| ; —2ip 
retained. Неге 0с; = —2ip, and ip =4 |1- 2 


+ a + 
215) — 9ip + 4 = 0, and ip = ао) = шиг хэн = 0.61mA. Now for /p = 0.61mA, Vgs = 


-1.22У, but Vo remains at OV. 


= (2—-2ipfz4-8ip + 412, for which 


Now, if both resistors are raised to 2kQ, Ip reduces, | it is the same in both cases, and V, = ОУ is 


| 2 
Current in the IMQ network can be ignored. Thus Jp = 1 = 10mA. Now, Ip = Ipss | 1— vo | , Or 
^ p 


D | 
10 = 10 Em -9 Vgs = OV (as could be seen directly) Since vgs = 0, vg = 0, 


ud V 21 V 
0--5 " 2A 504 bss |, 005 | _ 2 (10) (1- 0) 
1M -V, V, 2 

= 10mA/V. For R, = оо, 0,0); = —8m To =—10х 10? (5 х 10) = —50V/V. For Кр = r,, 0,0; = 
—gm (ro ll Ry) = -10 х 2 = —25У/У. Now К; = IMQ || (AMQ/(1 — gain)) in general, or №; = 1 Il 1/(1 


— —50) = 19.2kQ, or 1 orl 1/(1 — —25) = 37КО, in the two cases. 


SECTION 5.12: GALLIUM-ARSENIDE (GaAs) DEVICES — THE MESFET 


5.69 


5.70 


5.71 


Here, from Eq 5.108 and 5.109, gm =2 B (Vos — V) (1+ А Vps), To = UAB (Ves — У,)?), and the 
highest available gain is р = 8m ro. 

For Vgs = +0.2У, gm = 2 (10%) x 100 (0.2 — —1.0) (1 + 0.2(3)) = 200 x 107* x 1.2 (1.6) = 38.4mA/V, 
ro = 1/(2 x 100 x 107* (.2 – — 1.0?) = 3470, and р = 38.4 x 107 х 347 = 13.3V/V. 

For 065 = —0.2V, gm = 2 (107$) x 100 (-0.2 – –1.0) (1 + 0.2(3)) = 20 x 10? x 0.8 x 1.6 = 25.6mA/V, 
r, = 1/20 х 107* (.8)?) = 7819, and u = 25.6 x 107? x 781 « 20.0V/V. | 

For vgs = OV, gm = 2 (107) x 100 (0 — —1) (1.6) = 20 x 107 (1) (1.6) = 32.0mA/V, r, = 1/(20 x 107 
(1.0)2) = 5000, and p = 32.00 х 500 = 16.0V/V. 


В = 100 x 10°*A/V? = 10mA/V? for a 100m device. From 
Eq 5.107, ip = B (065-У, )! (1 + Aps) assuming operation is 


For vgs = 402V, (3-vp)01 = 10(0.2--1) 
(1+0.2 vps), ог 3-р, = 1(1.2)? (140.2 vps) 
1.44 + 0.288 vps, and 1.288 vps = 3 — 1.44 = 1.56, Ups 
1.56/1.288 = 1.211V. Now this exceeds (0.2 — — 1.0) 
1.2V, OK. For vgs = -0.2V, (3 – Vps 0.1 = 10 (-0.2 – -1) 
(1 + 0.2 0р5), or 3 — Vps = 0.64 (1 + 0.2 ups) = 0.64 
0.1280, 1.1280р5 = 2.36, Vps = 2.36/1.128 = 2.092V. 


For ugs = OV, 3 – ups = 1 (1)? (1 + 02upg) = 1 + 02ups, 1.20ps = 2, and vps = 1.67V. 


Voltage gains: For ogg = 0.2V to —0.2V, "gain" = (1.211 — 2.092)/(0.2 — -0.2) = -2.2V/V. For Vgs 
0.0V to —0.2V, gain = (1.67 — 2.092) (0 — — 0.2) = —2.13 V/V. 


+ “Bb 


Now, В, = В, = 10mA/V?. Assume that the dc output is stabilized at half the supply voltage. That is, 
90515 Vps2 = 5V. Now, [рә = В, (0652 — Vy (1+ À Ups2) = 10 (0 – 1)? (1 + 0.1 x 5) = 15mA, and 
Ip; = Ip? = 15mA, with ugs, = OV as well. Thus gm, = 2 (10) (0 — — 1) (1 + 0.1 x 5) = 30mA/V, ro; = 
1/(0.1 (10) (0 — — 1) = IkQ, rg; = 1/(0.1 (10) (0 — — 1) = IKO, Ay = -30 (1КО |l 1КО) = —15V/V. 
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SOLUTIONS: Chapter #5—23 


5.72 For Vg = 43V, Vps2 = 10 – 3 = 7V, Ір) = 10 (0 — 1) (1 + 0.1 (7) = 17mA = Ірі. Now for Qi: 17 = 
10 (ugs; — — 1? (1 + 0.1(3)), or (ugs; + 1)? = 17/10 (1 + .3)) = 1.308, 0651 = + 1.144 — 1 = —2.144 
(cutoff) ог +.144V. Now g,; = 2 х (10) (.144 — — 1) (1 + 0.1(3)) = 29.7mA/V, гор = 1/(0.1 (10) 
(1.144) = 0.764kQ, гор = 1/(0.1 (10) (0 – — 1) = 1kQ. Thus, the gain: = — 8m roi ll rg? = —29.7 (1kQ 
ll 0.764kQ) = —12.9V/V. 
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Chapter 6 


DIFFERENTIAL AND MULTISTAGE AMPLIFIERS 


SECTION 6.1: THE BJT DIFFERENTIAL PAIR 


6.1 


6.2 


I I | I I 
Eq.6.7, 6.8: igi = рр OF (er = - as 
1+ ет АА 1 +е v/V, 1+ on УУ, 1+ Кы, 


(а) 


(5) 


(с) 


(а) 


(0) 


(с) 


(4) 


(е) 


(f) 


icg = © igo = ig, = 0.991, when — y = 0.99, or eM = 1/0.99 —1 = 0.0101, or Va = V, ln 
1469" 
0101 = —4.595Ут = — 115mV. That is, vg; must be lower than vg2 by 115mV. 


ісі = Œ igi ig) = 0.951, when = 0.95, or e = 1/0.95 —1 = 0.05263, or -uVr = 


1 
1+ Кы 4 


-2.94, or Vy = 2.94 Vr = 73.6mV. That is, vg; must be higher than vg2 by 73.6mV. 
For ic, = 9.0 ic? with ісу + ic2 = I, I ісә = 9ic2, or ic? = 1/10 = 0.11, for which ic, 50591. 


Therefore, em 0.91, p al = 1/0.9 -1 = 0.1111, —u/Vr = -2.197, or vg = 54.9mV. 
[+е *" 


That 15, Ug, must be higher than Эдэ by 54.9 mV. 


Up, = OV, Vg = —0.7V — vg? = — 0.7 + 0.7 = OV (or lower). Uc2 = 6V — 0 с2:10-06:04Уу, 
and ic; = 4V/4kQ = 1.0mA. Therefore ic, = 2.0 — 1.0 = 1.0mA, and vc, = 10 ~ 4(1) = 6V. For 
equal current split, Ug, = Ug2 = OV. 

Ug; = Vg2 = 200-2 ^к) = 2.0 – 0.7 = 1.32V. Now Uc; = OV ic, = (10-6)/4 = ImA, and ic; 
= 2.0 — 1.0 = 1.0mA, and vc; = 10 ~ 4(1) = 6V. | | 

Ve12 = 1.3V. Thus one of 0g), вә = 1.3 + 0.7 = 2.0V. Therefore, ug, = 2.0V. Now, since Up? = 
1.0V, ic; = 2.0mA, and Осу = 10 — 4(2) = 2V. Also ic? = ОПА, so 2с = 10V. 

Ug;2 = 0.3V. Thus one of Vg), Ug2 = 0.3 + 0.7 = 1.0V. Therefore vg. = 1.0V, О, conducts 2mA 
and Uc; = 10 ~ 2(4) = 2V, with oc, = 10V. 

Ug;2 = 2.8V. Thus one of 0р], вг must be 2.8 + 0.7 = 3.5V. Therefore ug? = 3.5V and ic? = 
2mA. Thus vc; = 10 — 2(4) = 2V, possibly. Therefore Q% is saturated with vc; = 2.8 + 0.2 = 
3.0V, with extra current flowing in the base of Q». But О | is cut off and vc, = +10V. 

Up; = Vg? = —4.0 V > МЕ12 = —4.0 ~ 0.7 = -4.7V, vcz = 8V > їс2 = (10—8)/4КО = 0.5mA. 
Thus ic, = 2.0 — 0.5 = 1.5mA, and vc, = 10 ~ 1.5(4) = 4V. 
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6.3 


(g) 


(h) 


(a) 


(b) 


(c) 


(d) 


(e) 


(0 


(8) 


(b) 


SOLUTIONS: Chapter #6—2 


Ug;2 = 3.3У. Thus one of Vg), Эр is at 3.3 + 0.7 = 4.0V. Thus vg; = 4.0У, with Q; conducting, 
О cut off, Uc2 = 10V. For ic; = 2mA, vc, = 10 ~ 2(4) = 2V. But Ug; = 3.3V. Thus 0, is 
saturated with uc, = 3.3 + 0.2 = 3.5V. 

Ugi12 = 3.5 — 0.7 = 2.8V with О cut off and Q, conducting. Thus осу = +10V, and vc; possibly 
as low as 10 — 2(4) = 2V. But ug2 = 2.8V. Thus 2с) = 2.8 + 02 = 3.0V. 


Эсээ 9.60У — lc? = (10.0 — 9.6)/4k = 0.1mA, that is ic? =I — 0.1 = 0.2 = O.T = O.1mA — DCi 
= 9.60V. Since ic, = ic2, Vg, = Ug2 = 0.00V. Note that for ic = O.1mA, ову = 0.700V. 
А 0. : 
Ud = Upi c = .01 ~ .00 = 10mV. Thus їБ = Ta 61025 = 141492 = .0803mA, and ig, = 
0.200 — .0803 = 0.1197mA, оре = 0.700 + 25 In (0.1197/0.100) = 0.7045V. Thus vg = 0.010 
—.7045 = —0.695V, vc, = 10 — 4(.1197) = 9.52V, and vc; = 10 — 4(.0803) = 9.68V. 
Ug = ву — Up2 = -0.05У, ig? = түшсэн = 0.176mA, ig; = 0.200 - 0.176 = 0.024mA, vc, = 
е 

10 — 4(.024) = 9.90У, vc; = 10 — 4(.176) = 9.30V, овез = 0.700 + 25 In (0.176/0.1) = .714V. 
Thus Ug = 0р) — Ugg2 = .050 ~ .714 = -0.664Ү. | | 
Assuming Ug; > 0 and ig; < 0.1mA, ig; = 0.1 е“875-700У75 = 0,0368шА, ig; = 0.200 — 0.0368 = 
0.1632mA, "pr, = 700 + 25 In (0.1632/0.100) = 712.2mV. Thus vg; = 712.2 — 675 = + 0.037V, 
and vc, = 10 ~ 4(.1632) = 9.35V, vc; = 10 — 4(.0368) = 9.85V. 
ic = (10 — 9.90)/4 = 0.025mA. Thus ic, = .200 —.025 = 0.175mA, and vc, = 10 — 4 (.175) = 
9.30V See from (c) that ору 2 = 0.664V, and зк = 0.664V + .050V, and since vg; = —1.00V, 
Ug? = —1.00 — 0.050 = —1.05V, and vg = –1.05 — 0.664 = —1.714V. 
Inputs equal: current splits equally and ic, = ic2 = 2.0/2 = 1.0mA, vc; = 10 ~ 4(1) = 6.00V, vc; = 
10 ~ 4(1) = 6.00V. Thus gg = 700 + 25 In (1.00/0.1) = 757.6mV, and vg = -1.00 —.758 = 
—1.758V. 
I 2.0 _ 2.0 

2.492 
2.00 — .803 = 1.197mA, Vge 2 = 700 + 25 In (0.803/0.100) = 752mV, ug = 0 ~ .752 = -0.752V, 
Uc; = 10 ~ 4 (1.197) = 5.21V, vc; = 10 ~ 4 (0.803) = 6.79V. 


04 = Ug; — Ug; = 10ШУ. Thus ig2 = | 


———— = ——— = 0.803mA, and ig, = 
pper 1+ 1025 El 


Ug = Ugi — Up2 = 0 – .05 = -0.05V = —50mV. Now ig2= IIS = 1.762mA, and Ugg 2 = 
€ 


700 + 25 In (1.762/0.1) = 772mV, that is Ug = Upg2 — Ове 2 = 50 — 772 = — 722mV = -0.722V. 


Now ig, = 2.0 — 1.762 = 0.238mA, and vc, = 10 — 4 (.238) = 9.05V, and vc; = 10 — 4 (1.762) = 


2.95V. 
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SOLUTIONS: Chapter 76-3 


(i) Vey = 3.00V э ісу = (10 ~ 3/4 = 1.75mA. Thus ic, = 2.00 — 1.75 = 0.25mA, сә = 10 ~ 4 (.25) 
= 9.00V, Vgc у = 700 + 25 In (1.75/0.1) = 771.6mV, Ugg 2 = 700 + 25 In (0.25/0. 1) = 722.9mV. 
Thus vg = 1.00 ~ .772 = 0.228V, and vg; = .228 + .723 = 0.951V. 


SECTION 6.2: SMALL-SIGNAL OPERATION OF THE BJT 


6.4 


6.5 


DIFFERENTIAL AMPLIFIER 
Using e*=1 72 in Eq. 611: іс = ае" s jd -200 
sing e ~1+xX +X in Ч. 0.11: cl = AV, AV, = Ф ктү, 8 v2 
2 2 2 
Va Ud Va Ud a І Va Ud Ud 
/|l- T +1- = —— |1 + / 
| 2Үг 8Vr 2 Уг E 2 | 2Уг 8V? A 
201|ү, Md M | o vi 
2 2 Vr 8V 8 V? 
al Va 07 vd vd vj al Va Ud Ud 
bru ЭЛЭГ coo dice Apr ЭЭГ ЭИЕРҮҮҮГЭВ et eg 
2 2Vr ВУ ВУ 16У? 64V? 2 2Vr 16VA 64V7 
3 
al al Ud 1 Ud 1 Va 
m lg. — 1--- -— ~-=- (1). 
2 2Vr | 2 | 2 |2Vr 4 | 2Уг 0) 
3 2 3 
= 1 Va 1 Va 1 | 10 1 10 
Now for 0/2 = 10mV, 1 1- — -— | — =1—-— |— | - — ЇГ тт| = 
шилэх шук 52220 4 | 2V; 1-7 um | 4 E | 


1 — 0.08 — 0.016 = 0.904. {Rather than 1.000 for a linear system.) 
That is, we see that the higher-order approximation implies a reduction in output current by about 10% 
from that derived from the linear one. 


| | al 2695 a I `2 (1.492) 
Alternatively (and directly) at vg/2 = 10mV: ic; = 2 2105,,105 775 | оо 7 


1.380 а of which the signal part is 0.380 at whereas from Equation 6.12: icy = 


2 
0/2 
ot | + са = x | 1+ 55 | = 1.400 z of which the signal part is 0.400 92. Thus the 


linear approximation produces a result which is high by (0.400 —0.380)/0.380 = 0.053, or about 5%. 
For ЕЛ errors, using the result (1) above, but only the term in v, we see that the error is about 


1 


vU Ч, 
Vr =£. Now for Е = 10%, Nr = (2 (0.1))* = 0.447, and w/2 = 0.447 (25) = 11mV. 


2 
For 5%, vg/2 = (2 (.05))^ (25) = 7.9mV. For 1%, v4/2 = (2 (.01))^ (25) = 3.5mV. 
v, 2 У, 
Check with the original (Eq. 6.11): іс = = sam . For 0/2 = 3.5mV, 
TEC 2е3® I _2 (1.150) ! 
cl = 75 uie [usi шин. = 1139 — ын , Whereas, from Eq. 6.12: їсү = 


z- (1-- 942 Vr) = zi 91 + 3.5/25) = 52 (1.140). Thus the error is (0.140 — 0.139)/0.139 = 0.7%. 


For a differential input of OV, ic, = ic2 = 1/2 = 100рА, and vc, = 3 — 0.1 (10) = 2V = ос. For Ig = 
Vr | 25mV Vor a (10k + 10k) 

= —— m = t m ———————— m ‚ Е 5 

100Н А, re Iz TER 2509. For differential output, "y 250 + 250 40V/V. For out 

puts individually, the gain magnitude is 20V/V. For осв = —0.4V and very small signals, uc; = Vc2 = 


2V, and Ug; = Ug? = 2.0 — —0.4 = 2.4V. That is, the upper limit of the input range is +2.4V. 
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6.6 For I = 200A, re = 25mV/100uA = 2500. For differential output, gain is Q 


SOLUTIONS: Chapter #6—4 


Ry _ 100Q — 
re  025kQ — 


400V/V. Differential input resistance is (B + 1) (re +r.) = 151 (0.25 + 0.25) = 75.5КО. То double the 
input resistance, add 0.25kQ resistors in series with each emitter, at which point the gain (for differential 
output) is (100k+100k)/(250+250+250+250) = 200V/V. 


6.7 


10kQ 


Vol Vo2 


vii vi2 


For each transistor, Jz = 200UA and r, = 
25mV/0.2mA = 1250. Thus the differential input 
resistance is 2 (201) (0.125kQ) = 50.25kQ. 


For differential output: Differential gain from 
bases = 200/201 (10k/0.125k) = 79.6V/V. Differen- 
tial gain from input sources = 50.25/(10+10+50.25) x 
79.6 = 56.94V/V. Common-mode gain = 0V/V. 
CMRR = 56.9/0 = оо, as ratio and in dB. Common- 
mode input resistance = (D + 1) (К) = 201 (0.5MQ) 
= 100МО. 


For single-ended output: 


lAa |= 200 10k Q. х 3025 5694 . 

ds |" 201 0.125 + 0.125. | 70.25 2, 
28.5У/У, Aon = -55r NOTTA ~.00995V/V, 
CMRR = 28.5/0.00995 = — 9.95 mV/V. 2864V/V 
= 69.14В. | 


6.8 From P6.7 above, for outputs taken differentially, Ay = 56.9V/V. For A,,,: For matched loads, it is 
10КО/1МО – 10kQ/IMQ = OV/V. For + 1% loads, it is 10k(1.01)/1M — 10k(0.99)/1M = 0.02(10k)/1M 
= 2 x 10°V/V = -94dB, for which CMRR = 56.9/(2 х 107) = 2.85 x 10°V/V = 129dB. For + 10% 
loads, correspondingly, Ас, = 2 X 10 *^V/V = —74dB, and CMRR = 2.85 х 10°V/V = 10948 


6.9 


v2 
10kQ (0.9) 
400џА 


В = (200)(0.9) В = (200)(1.1) 


Note that the collector resistors are ideal (that is both 
are exactly 10kQQ). 


For DC Bias: Assume that junction voltages arc 
adequately modelled by rei, reg = 25mV/200HA = 
0.125kQ nominally. Now for i іп Q; and 0.400 — i 


l ; 
in Q2, 10 (1.1) 200 (9) + 0.125 i = 0.125 (0.4 ~ i) 


(4-0) 2 
, pog acr 1 : ‚1 
+ 10 (.9) 200 (1.1) Now multiplying by 100: 6.11 
i + 12.51 = 5 — 12.5i + 1.636 — 4.09i, 352i 


6.636, = 0.1885. That is ig = 188.5цА, and ig; 
211.5нА. 
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6.10 


SOLUTIONS: Chapter #6—5 


For signals: Now г, = 25mV/188.54A = 132.60, г„› = 25/211.5 = 118.20, r4 = ((200) (9) +1) 132.6 
= 24.0kQ, rx, 2 = (200 (1.1) +1) 118.2 = 26.1kQ. Now for common-mode input, base currents split, with 
26.1/(24.0 + 26.1) = 0.52 of the input change in the base of 0, (and 0.48 in the base of Q;). 
Correspondingly, for a total base current i, ic, = B, i,; = (200) (0.9) (0.52); = 93.61, and ic; = B5 ip2 = 
(200) (1.1) (.48)i = 105.61. Thus icc, = 105.6/93.6 = 1.128. Note that the dc current ratio is 
211.5/188.5 = 1.122, essentially the same. From cither point of view, there will be about a 12% total 


12 
ur : Pe two output мэт, 1 Acm = 2 (50050) х 100 = 12 х 10“V/V. Since 
Ад = ———————— = 79.7У/У, CMRR = ————, = 66.4 x 10?V/V a 96.4dB. 

47 433.118 12 x 104 


For [pias = 400НА, Ig; = Ig? = 2004A nominally, and r, = 25mV/0.2mA = 1250, Re = 9 (125) = 
1.125КО, and Re +r, = 1.25kQ. Using the dc analysis from P6.9 above with ig; =i, see that 10 
(1.11(200(.9)) + 1.25i = 1.25(0.4 —i) + 10(0.9) (0.4 — iy(200(1.1)). Multiplying by 100, 6.11: + 125i 
= 50 — 125i + 1.64 — 4.09i, or 260.2; = 51.64, and i = 0.1985. That is, ig; = 198.5pA and ig; = 


i 
201.5рА, with re = — = 1.015. Thus there is about a 1.5% mismatch, such that A,,, = IL x 
1.5/100 = 1.5 х 10 ^V/V with Ay = 79.9V/V, the same as before, and CMRR = 21 = 53.3 x 104 


1.5 x 107 
= 114.5dB. Note that there is a nearly 20dB improvement due to the balancing effect of the emitter 


resistors. 


SECTION 6.3: OTHER NON-IDEAL CHARACTERISTICS OF THE 


6.11 


6.12 


6.13 


6.14 


DIFFIERENTIAL AMPLIFIER 
For Ipigg = 200A, rei =г„› = 25mV/0.ImA = 2500. For the Basic Amplifier, differential gain = 


Rc + R 
Т A TA = 4 ReV/N. Now £5% variation in Rc produces an output offset of 0.1mA (1.05Кс 
- 0.95Кс) = 0.1 (0.1)Ёс = 0.01КЁс. Corresponding input offset (to reduce output to zero) is 
018 AR 
Vos = Vo/gain = R сав 2.5mV, or from equation 6.49: 1У051 = Vr | R E | = 25mV (2 (5/100)) 
С С 
= 2.5mV. For emitter resistors Rg = 9r,: Here, the differential gain = OES) = 0.4Rc. Now 
.OIR | 
to compensate an output offset of 0.01Кс, we need Vos = 01 - = 25mV. 
‘ФАС 


From P6.11 above, to compensate for +5% Rc variation, one needs а 2.5mV input offset with no emitter 
resistors. This involves an increase in one of the collector currents to 105НА and decrease in the other to 
95uA. Now with Rg =9 r, = 9 (250) = 22500 nominally, but actually ranging from 0.95(2250) = 
2.1375kQ, to 1.05(2250) = 2.3625kQ, equivalent offset can reach .105(2.3625) ~.095(2.1375) = .2481 - 
.2031 = 45mV. Total maximum offset is approximately 2.5 + 45 = 47.5mV. 


For uncorrelated variation: For nominal Rg (from P6.11 above), acquire 25mV due to Кс variation. 
For nominal Rc and varying Rg, to achieve 100A in each transistor, we need an offset of 0.1(2.3625) — 
0.1(2.1375) = 22.5mV. (See the worst case is again 22.5 + 25 = 47.5mV, as an alternative approach). 
For no correlation, Vos = (22.5? + 255^ = 33.6mV. For collector resistors trimmed: Collector 
currents will be both 100НА and, as above, Vos = 22.5mV. 


For equal 2mV offsets: Vos = (22 + 2? + 2? + 22)^ = (16)^ = 4mV. 
For unequal offsets: Vos = (0.52 + 12 + 22 + 42)^ = (.25 + 1 + 4 + 16)^ = (21.25)^ = 4.61mV. 


For the offset totally compensated, the collector currents in both transistors will be 100/2 = 50НА. 
Assume p, is 5% high and B; is 5% low, while Rs; is 5% low and Rs; is 5% high. Thus the total offset 
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50 х 10°x 100 x 10° | .95 1.05 E Р 
100 iog 7796 | = 50 х 107° (896 — 1.094) = -50 x 10? (198) = -9.9mV. 


Thus the offset can be аз large as 9.9mV. 


is Ig; Rg1 — Ig? Rg? = 50/(105 + 1) | 100 (.95) — 50 /(95 + 1) х 100 (1.05) ог 


For each transistor, re = 25mV/150uA = 0.1667kQ. For vj, = 10mV, v, = 60kQ/.1667kQ х 10шУ = 
3.6У. Thus, the lowest collector voltage is 15V — 1504A x 60КО -3.6У, ог 15 - 9 — 3.6 = 2.4V. For 
bare saturation, the base voltage can exceed this by 0.7 — 0.4 = 0.3V. Thus, the highest usable 
common-mode input is 2.4 4- 0.3 = 2.7V. 


SECTION 6.4: BIASING IN BJT INTEGRATED CIRCUITS 


6.16 


6.17 


6.18 


As seen from the emitter, J; = 100A and r, = 2501У/100ДА = 250 О. Thus the resistance between the 
terminals is 250€. | 

For two in parallel, the current divides (say equally) with each r, = 250У/50ДА = 5000. The parallel 
resistance is then 500015000 = 2509, as before. One can see this directly since the junctions are bigger, 
but the current is the same. 

For two in series, the current in each is the same; the resistance of each is the same, and the total resis- 
tance 15 250 + 250 = 5000. 


| | 

From Eq.6.63, i " EY" For 1% error, - _ gg 7099.1 = 099 + 1980, В = 1.98/0.01 = 198. 
l 1.998 

For 0.1% error, ДЕЗЕ, ^ шин В = (0000 1998. 


At 1mA, Veg = 700 + 25 In (imA/10mA) = 642.4mV. 
Required r = (642.4mV)(0.1)/ImA = 64.20. Use r = 60 Q. For В 
= 90, Та = ImA and [о = 1mA, /g2 = 1/90, Ig, = (1 — 1/90) = 0.9889, 
1mA 1mA and Іс = 0.9778 mA, Ig = 91/90(1) = 1.0111, and 7c; = 1.0000mA. 
1 Vez; = 700 + 25 In (0.9778/10) = 641.9mV, Vge2 = 700 + 25 In 
(1/10) = 642.4mV, V,, = 60 (.9889) = 59.3mV, V, = 60 (1.0111) = 
60.67mV, Ук + Ур = 64.9 + 593 =  70120У, 
Qi Q2 Vpg2 + V,2 = 642.4 + 60.67 = 703.1 mV. Thus гү must be increased 
103.1 = 641.9 _ 61.890. For В = 90, I= 0.5mA: Ip = 0.5/90, 


| 0.9889 
n гг and Jg, = 0.5 — 0.5/90 = 0.5 (0.9889) = 0.4944тА, and Ig, = 90/91 


(.494) = 0.489mA, апа Үр + У„ = 700 + 25 Іп (0.489/10) + 0.4944 
Нэн (61.89) = 624.55 + 60.67 = 655.1 mV. 


Assume Ic) = 0.5mA — Vag) = 700 + 25 In (0.5/10) = 625.1mV. Thus Ig, = 522-1 — 8291 = 0.500 


60 
mA, and Ic = 90/91 (0.500) = 0.4945mA. Gain = .4945/.5000 = 0.990A/A. 
For В = 90, Ir = 2.0mA: [5 = 2/90, Ig, = 2 — 2/90 = 2 (0.9889) = 1.9778mA, and Ic, = 90/91 
(1.9778) = 1.9561mA, and Vgg, + V,ı = 700 + 25 In (1.9561/10) + 1.9778 (61.89) = 781.6 mV. Assume 
[сә = 2mA -э Уве) = 700 + 25 In (2/10) = 659.8mV, 1625 J9L0 — 0225.1: 2:030m; 1555/00/91 


60 
(2.03) = 2.008mA. Gain = 2.009/2.00 = 1.004A/A. 


For В = 70, 0.5mA: 1g2 = 0.5/70, Ig, = 0.5 — 0.5/70 = 0.5 (0.9857) = 0.4929mA, Ic, = 70/71 (0.4929) 
= 0.4859mA, Иве + V, = 700 + 25 In (0.4859/10) + 0.4929 (61.89) = 654.9 mV. Assume /c; = 0.5mA 


— Vgg2 = 700 + 25 In (0.5/10) = 625.ImV, Ig; = шин шин = 0.4967 mA, /с» = 70/71 (0.4967) = 
0.4897 mA, gain = 0.4897/0.5000 = 0.979А/А. 
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And at 1.0mA; /5; = 1.0/70, Ig; = 1.0 — 1.0/70 = 1.0 (0.9857) = 0.9857mA, Ісі = 70/71 (0.9857) = 
0.9718mA, Иве + Vj; = 700 + 25 In (0.9718/10) + 0.9857 (61.89) = 702.7 mV. Assume 


[сә = 1.0 -> Vora = 700 + 25 In (1/10) = 642.43mV. Thus Ip} = 27004 = 1.005ША, Ic; = 
70/71 (1.005) = 0.991, gain = .991/1.00 = 0.991A/A. 


And at 2.0mA: /g2 = 2.0/70, Ig, = 2.0 (0.9857) = 1.9714mA, Ісі = 1.9714 (70/71) = 1.944, Vee, + У,„ 
= 700 + 25 In (1.944/10) + 1.9714 (61.89) = 781.1. Assume /с› = 2.0mA —> Узк2 = 700 + 25 In (2/10) 


= 659.8mV. Thus lg? = DELIS. 2.021mA, Їсо = 70/71 (2.022) = 1.993mA, gain = 1.993/2.0 = 

0.996A/A. 

Io 1 | 

-- = ——_—— = 98.68 | 100 — 98. =й : 

Tp го 1«28'! = 10084 ~ аа 98.684дА. Thus /g is low by 100 — 98.684 = 1.316НА, for 
Voi 

which го = 150V/100HA = 1.5MQ. To compensate, ————— = 1.316 x 10$, or Voy = 1.5 (1.316) = 


1.5 x 106 
1.974V. For a net error of «196, output current must range from 99A to 101p A. 


At 991A, r, contributes 99 — 98.684 = 0.316НА, for which Vou = .316 x 1.5 = 0.474V. 
At 101НА, r, contributes 101 — 98.684 = 2.316pa, for which V,,, = 2.316 х 1.5 = 3.474V. 


For a change from 25°С to 75°C, Vgg drops by (75 — 25)2 = 100mV. For 100mV to be a 5% change, - 
the drop іп R must be 100mV/.05 = 2V. That is, Vcc = 2.7V, and R = 2/100рА = 20КО. 


(a) 
ү mA pene ym 


yale E E 2226 


Need 9 BJTs. 


295]. 


SOLUTIONS: Chapter #6—8 


(b) 
ps. pM | а: | EEN 


гі. мэн 


Need 10 BJTs. | 
(c) For both ends of Jp available, T4 is not needed. Require 9 BJTs. 


6.22 
lo Bi. B 


= ———————, as noted 


before. 


For two outputs, То: 


a , and 


6.23 


хааг B3+1 


lo E Bo+1 i 


— н 
В+1 В+1 


pe wk 
por) Віні 
41 + B.(B.+1) 
Е: Beri BxBitl) ^ Bo Bstl) 
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For the optimal location: See a) Q3 provides a second-order effect, and any B would be OK. b) For 
Q, with lower D, ic; is fixed and ig; will increase, causing Үвкү to increase, and /g to increase. c) For 
Оз with higher D, /ọ is larger for a fixed Уз. Conclude that one should make p, = (1 - k) В, 
В = (1 + k) B, В = В. 

Substitute in (1) 


lo _ 1 | _ 1 
I BrkB1,, (0-43ф440-1) В-48-1-08-48-1 
а-к)В@+кВ+1) В-Кр-1 (+k)(B-kB +1) BK+1)(B+1)(P-kB +1) 


(+k) B(B-kB+1) (B+B (B+ 1) 


1 
i (1-k) (884041) | 2 (B + 1) 
(l+k)(B-kAB+1) B((k-D(Q-D(-kpn 
aa cs (фВЯКВф-КфВи1) _ 
(1-4) 843041), 2 (B — kBXp +В + 1) + 2 
(1-k)(B-kB--D В+) (В-АВ +1) | 


„P kB? +B+kB? рр. | — Dpepekp-ep 
р 1402-00-42 -420Г-50-2 82-0-48-2-42 


This becomes one, if kB = 2 — kB, or kB = 1, or k = V! 
Note that for k = МВ, В; = (1 ~ I)B = B — 1, and B; = (1 + VB = B + 1, with В; = B. 


6.24 


1 1 i 
+ + 
+1 “>н 


1 | By +2 
———— + 1 l- | Вә +1 


В» | В›+2 | 
|o | Вз+1 ( Bz |. Вз Brt2) _ bhb*25 | 1 
rk 1 ве Ba + +) В Вз+280+2 20 +10) 
Вз+1 | Botl Ву! Bo Вз + 2p; 


For optimal placement of transistors: See (a) that Q;, being diode-connected, В, does not matter, (b) that 
for О. with low beta, ic? being fixed, ig2 increases, Vgg increases, and ig, increases, (c) that for Вз high, 


lọ increases. Thus, use В, = В, B2=(1-k)ß, B3=(1+k)ßB. Correspondingly, dE = 
R 
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Во B3 + 2B3 a-«oü-op«zü0«o0p _ P- 282 + 2kB + 28 
55425242  (144)1-4) -2(1-4-2. | -42 B2-2k8 +2842 
цагаа ас цагг 


6.25 Assume very large B: For the 100НА reference: Vgg = 700 + 25 In (0.1/1) = 642.4mV. For the 1A 
output: Vgg = 700 + 25 In (107/1) 2527.3mV. For the 10A output: Vez = 700 + 25 In (1072/1) = 
584.9mV. Thus, for ІрА output Re = шинж Тал = 115КО. For 10A output, 

(642.4 — 584.9) 107 

1075 


. This is unity 


Ёк = = 5,75КО 


SECTION 6.5: THE BJT DIFFERENTIAL AMPLIFIER WITH ACTIVE LOAD 
6.26 Each transistor conducts 50A, for which r, = 150/5ОНА = ЗМО, and r, = 25mV/5OpA = 5000, Gn = 


2/(500-500) = 2mA/V, A, = ye (3M QIBM Q) = -2 х 10? x > x 10$ = —3000V/V. 
R, = 3MQI3MQ = 15МО, R, = (75 + 1) (500 + 500) = 76kQ. For a 76kQ load, 


Ay = —2 x 10? (1.5M QII76k О) = -144.7V/V. 


6.27 For each of the transistors, with an emitter resistor Rg = r,, the output resistance increases to R, = rp 
(1g, Re’)= 3 x 10° (1 + 500/(500)) = 6MQ. Thus, the Output resistance is approximately 
6MQ || 6MQ = ЗМО. The overall transconductance is 2/(500+500+500+500) =, 1imA/V. The open- 
circuit voltage gain is 


- ImA/V x ЗМО = -3000V/V. 


6.28 J = 100A — Collector current for all transistors is 50A, for which r, = 75У/50рА = 1.5MQ, and r, = 
25mV/SO0uA = 5000, and rz, = (75 + 1) (0.50) = 38kQ. For the cascode transistors, 
Ro = r, (1 ga rg) =г„ (B+ 1) = 1.5 x 10° (76) = 114MQ. Also ry = 10 (75) (1.5 х 10°) = 1125МО. 
Thus the output resistance (in MQ) is 114 |] 114 || 1125 |] 1125 = 114/2 || 1125/2 = 51.8MQ. 
Overall, gm = Gm = 2/(500+500) = 2mA/V, A, = —2mA/V x 51.8MQ = 103.5 x 10°V/V. 


SECTION 6.6: MOS DIFFERENTIAL AMPLIFIERS 


629 Here, 8m = с for ва transistor — — — (1), with a maximum at | 
ini = ір = I2 = K (Vos - V --- (2), where K = 10026 = V2k,(W/L), and Vgs – V, = ын | 
and 2m max = 77771 = VAK), OF £m max = 2K (Vgs — Vj) (from (1) with (2). In general, 
ір = К (065 - V), and gm = 2К (vgs – V) 22K (Ves + ын —V)) For a 10% Em drop, 
2K (Vgs + — —W) = 09 (2K) (Vgs - V), when Vgs + E -Ү, = 09 Ves — 09V,, or 
0.1 (Vos - V) = € =, or ҮСЭГ = + 0.2. Бог 5%: [RA = + 2(.05) = + 0.1. For 1%: 

Vid 


—— = + 2(.01) = +0.02. 
Ves — Vr 


630 ip = V2k,(W/L(ogs — И) = K (vas — Vi)", where K = И pp Cor (W/L) = 4 х 10 x 120/6 = 100pA/V?. 


For ава current division, 25/2 = 100 (0с; — 1)?, ugs — 1 = + (1/8)^, and vgs = 1.354V. Thus Vos = 
VA 50 


1.35У. Now, gm = 2К (Vgs - V) = 2 (100) (1.354 - 1) = 70.8uA/V, and r, = T 252 7 4MQ. 
D 
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| 6 
Maximum gain will occur for outputs taken differentially: (a) For ideal loads: A, = _ 24x 10") __ = 
2 (1/70.8 x 1079) 


6 6 
283.2V/V, (b) For loads with Уд = 50У: Ay = 210-04 10) . 283.2/2 = 141.6V/V. 
2 (1/70.8 x 105) 


With balanced loads, ip = = = 100(vgs — У,)?, with vgs = 1.354V (from P6.30 above). Now for ip 
= 0.9 (25/2) = 100 (ugs — 1)?, Vgs = өгий + 1 1.3354V. For ip = 1.1 (25/2) = 100 (0с; — 1)’, 
Ugs = diy + 1 = 1.371V. Thus the input offset = 1.371 — 1.335 = 36mV. 


From Exercise 6.15, k, = [ln Cox = 204A/V?, (W/L) = (1206) = 20, and 12k,(W/L) = 200uA/V?, with 


Ves = 1.25У, ‚ = 1004A/V, and V, = IV. For an Rp mismatch of + 1%, 
Ves — V, АК = 
Vos = шог Du x е ж” +1.25mV. For a (W/L) mismatch of 4196, Vos = 
Rp 2 100 
Ves — V = 
——— rs = LA x та = +1.25mV. For V, tolerance of t0.6mV, Vos = +0.6mV. 


Thus the worst-case offset is 1.25 + 1.25 + 0.6 = 3.1mV. The likely offset = Y 1.252 + 1.252 + 0.62 = 
1.87mV. 


Неге, Го = Iger = 1004A, and К = 12k (W/L) = V2(200) = 1001A/V?. 
Roughly: ip =K (vgs — V;)), 100 = 100 (vgs — 1)? > 065 = 2V. Now, for Qj, Q4, Ups = 2У and 


V 
(1+ vo -14 A = 1.1. This could be ignored, but let us include it in a more basic calculation: 
A 


More precisely: For Qj, Q4 Ups = 065 =v, and 100 = 100 (v- 1)? (1 +20), or 1 
(02-2 v + 1) (1+.05v). Thus v?-2 v + 1 + .050? – 0.102 + .05v = 1 or .05 v? + 0.9 v? — 1.95 v 
0, or .05 v? + 09 v — 1.95 = 0, v = (-0.9 € V 0.9? + 4(1.95) (.05))/(2(.05)) = (—9 + 1.095)/0.1 
1.954V. Thus Ves; = 1.954V. Now for Vg = Vp3 Урд, see Ig = 100рА, from symmetry arguments. 
For each device, г„ = LS = LU = 200kQ, and gm =2К (ugs - V) = 2 (100 х 10%) (2 – 1) = 
Ip 100A 

200A/V. For the whole mirror, (from Eq. 6.116) Rout = 8m3 гоз /о2 = 200 x 10% x 200 x 10° х 200 x 
10? = 8 x 10°Q = 8MQ. Thus, for Vo = 12V, with the standard output being at 2 + 2 = 4V, the extra 
current = (12 — 4)/8MQ = 8/8 = 1рА. Thus Jọ = 101pA for Уо = +12V. 


Assume Jọ = Ipgr = 100A. From results of P6.33 above, Vgs = 2.0V. Thus Vp, = 2.0 + 2.0 = 4V. 
Correspondingly, for О, with ugs = v = 2.0V and Ups = 2V, 100НА = 1004A/V? (v — 1)? (1 + 25), 1 
= (v? 20 + 1) (1 + 01%) = v -2v + 1 + 0.10 — 0.202 + 0.10, or + 0.10? + 0.8v? — 1.90 = 0, 
20:8 1.8 + 4.9) CD _ робу, Thus, vgs, = 1.916У = 1.92V. Now 


1) 
for Qs, ip = 100 (1.916 — 1? (1 + E = 91.9нА. Now, for Qs with Уо =2 (1.92) = 3.84V, Ip = 


91.9МА, From P6.91 of the Text, К, = (gm r;)r, = 8M€Q using the results of P6.33 above. Thus for 
Vo = 12V, Ig = 91.9 + (12 — 3.84)/8 = 92.944. 


0.10 + .80 — 1.9 = 0, = 
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Generally speaking, see that currents in Оз and Q; will be 
the same, provided the output voltages are the same. Further, 
the current in each will slightly exceed 100/2 LA since the 
voltage at node X will rise slightly due to doubling of the 
equivalent K of Оз, Qs. Since the current in each of Оз, О; 
is only slightly more than half what it was, each output resis- 
tance will be twice as large. In particular, with outputs 
joined, the output resistance will be only slightly smaller than 
before: Now to check these ideas: ip, = 100UA 
= (100 + 100) (vgs — 1). Thus vgs 2 1 5 Y = 1.707V, 
rather than 2.0V previously. Thus node X will rise about 
0.3V, and ip3 will increase by 0.3/200kQ = 1.5рА. The 
current in Оз, Qs will be about 50.8uA, for which gm = 2K 
(Wes — У,) = 2 (100 x 1079) (1707 – 1) = 141pA/V. Now 
for outputs joined, гоз = 20/(100 + 1.5) = 197kQ. 


Consider ғоз in two parts of 400kQ each, with Код = Ros = 197k х 400k x 141pA/V = 11.1MQ. 
Together, Коз = 11.1/2 = 5.6MQ. When outputs operate independently, the output resistance decreases a 
lot since node X is grounded via 1/g, of the other output. From Eq. 6.116 (full version) 
Коз = гоз + Vgms + Ваз Гоз Vans = 2 гоз = 800kQ. An improved circuit would split both Q4 and 0» 
into two parts, with each pair of half-size transistors driven from the gate of Q4, Q; respectively. The 
total device width needed would be same as in the original design, that is 4W for each original transistor 
of width W. The version with only Q duplicated uses a total width of 5W and has poorer performance! 


For Ів = 200НА, Ip for each transistor = 100НА, r,-V4/p = 20/1000A = 200kQ, 


ip = V2k (W/L) (Ves - V,)*, 100 x 10$ = их 200 x 107 (vgs – 1 > vgs = АС 
8m = КОЮЛ, )(ос — V,) = (200) (2 — 1) = 200БА/У. Gain A, = – 262120 = -20V/V. Gain 


reduces by a factor of two for a load of 100kQ. 


SECTION 6.7: BiCMOS AMPLIFIERS 


6.37 


6.38 


6.39 


-6 | | 
(). Hen hes, р = T = 4001A/V, r, = 100УЛОрА = 10MQ, R; = (Vg, = 100/400 х 


107% = 250kQ, A, = —400 x 1076 x 10 x 10° = —4000V/V. 

b) For ip = 10HA = и x 20 x 20/2 (vos – V,)* = 100 (vgs — V,. Thus ugs — V, = (10100)^ = 
0.316, gm = k (W/L) (ugs — V;) = (200 x 1076) 0.316 = 63.2рА/У, r, = 20/104A = 2MQ, R; = eo, 
Ay = —63.2 x 10% x 2 x 10° = —126.4V/V, that is much, much less! 


B2 
жо ; = 400LA/V, = — = ————— = 250КО, ro) = 10MQ, = 63.2рА/, ro, = 
For | ОНА, 252 H Гт2 Быз 400 x 106 02 Emi u 01 


2MQ. From Eq. 6.116, Кош = £52 ro2 (roi Il rx) = 400 x 10° x 10 х 10° x (2 x 106 10.25 x 106) = 


D 
888 x 1080, Thus — = -63.2 x 10% x ын х .888 х 109 = —55.6 x 10? V/V. 


For 1 = 100ДА, see by scaling from P6.38 above, gm2 = 4mA/V, гд = 25kQ, rg; = IMQ, rg, = 200kQ, 
and vgs,— V, = (100/100) = 1. Thus ёл: = 2 (100 x 10$ 1 = 200pA/V, 

Кош = 4 X10? x 10° x (200 x 10° 1 25 х 107) = 88.8 x 10°, vA; = -200 x 107 x 100/101 x 88.8 x 
10° = —17.6 x 10? V/V. 
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6.40 From P6.37 at 104A: For the BJTs, gm = 400НА/У, гу = 250КО, r, = 10МО, r, = 10 (100)107 = 10 х 


10°Q. 


For the MOS, g, = 63.2UA/V, r, = 2MQ. 


For the circuit as shown, Row = 2 х 10° x 632 х 106 x (10 x 10° x 400 x 10% x 250 x 10°) Il (10 x 
10°) = 126.4 х (4000 х 250 x 109) 1 1097 = 126.4 x .909 х 10? = 115 х 10°Q. With Q3, О; not used, 
Row = 10190 1 (107 x 400 x 1075 x (.25 х 1091 (10 x 105) = (101.976) 10? = 0.889 х 10°Q. With 
Qs, Q eliminated, Row = 2 х 10° x 63.2 x 10% х (10 x 10° 1 10 x 10?) = 1.264 х 1070, 


SECTION 6.8: GaAs AMPLIFIERS 
6.41 For a lum long, lum wide GaAs device, V, = —1.0V, B, = 100uA/V?, А = 0.1V7!, V, = 10V, 


15 
(а) 


(0) 


(4) 


(е) 


6.42 Here, 
(a) 


(b) 
(c) 


(d) 


= 10 PA, n = LI. 


Symmetry would indicate that V, = 5/2 = 25V, В= В = 10 (100 = ImA/V?, 
ір = B (ugs - V (1 +À ops) 21x 10? (0—-1)? (1 + 0.1 (2.5). Thus J, = 1.25mA. 

Assume operation is in saturation. Lower transistor (О |) operates with ugs = 0. Upper one (Q2) 
is 1.5 x larger: Thus 1.5 (0652 — — 1)? = (0 — — 1)’, or 0652 = (V1.5)^ — 1 = —0.18V. Thus, ip; = 
20 x 100 x 10$ (0 — 1? (1 + 0.1 (5 — .18)) = 2.964mA. See that the drain of Q, is at about 5 — 
1kQ (2.96) = 2.04V, while the gate is at OV. See that operation is indeed in saturation. Check: 
2.964 = 30 х 100 x 10% (0с; — — 1)? (1 + 0.1 (2.96 — — 0.18)) (ogg + 1) = 0.752, ogg = 0.867 – 
12-—0.132V OK. V, = —0.13V, and J, = 2.95mA. 

See Q, operates at ugs = 0 with У, = OV. Ie = 20 x 100 х 10$ (0 – – 1)? (1 + 0.1(5)) = 
3.0mA. Then [53 = /52 = 3.0/2 = 1.5mA = I.2, and Vc; = 5 — 2(1.5) = 2V. Thus, 1.5 = 10 (100 х 
1075) (0с; ~ — 1)? (1 + 0.1(2)), or (ugs + D? = 1.5/(1(1.2)) = 1.25, 065 = 1.12 — 1 = 0.12У. Thus 
V., = —0.12V. Check: 1„› = 1 (0.12 + 1)? (1 + 0.1(2)) = 1.505mA. 

See that Q; is near cutoff, though it is larger. Assume Уу is near +5V, say at 5V, in which case 
ip) = х 100 x 106 (-.08 – - 1%) (1 + 1 (5 - 0) = 0.12mA. Now 
ipa = В | 2 (065 — И) Ups — 025 | (1 + A ops). Let Ору = V, which is small, such that the A 
term can be ignored. Thus 0.12 х 1073 = 10-х 100 10 * [2 (0 – 1) v ~ v’], or 0.12 = (20 - 


—~— ) + = | 
02), v? — 2 v + 0.12 = 0, and v= crc ee E0002: Thus V; = 5 — .062 = 4.94V 


2 
and 1, = 0.12mA. 
See that О | is turned on with V, near OV. For 0, ip = 10x 100 x 107° (0 – ~ 1? (14 0.1 (5) = 
1.5mA. For О), ip = 20 x 100 x 10% (0.2 — — 1)? (1 + 0.1 (0)) = 2.88mA. Thus, 0, is in triode 
mode with Ups = V, assumed small and ignored. Correspondingly, 1.5mA = 2.0mA [2 (0.2 – — 1) 


"M 
маг = 0.37V. Thus V, = 0.37V, and 1, 


v — 12], and v? - 2.40 + .75 = 0, = 
1.5mA. 


Bi = 100 x 10% x 5 = 0.5mA/V?: 

in, = 0.5 (0 — — 1? (1 + 0.1 (1)) = 0.55mA, for ups; =| Vj]. For Vo = —3V, Vss = —5V, Vs; 
-4V, ір) = 0.55 x 10? = 20 (100) x 10% (ugs – – 1? (1—0.1 (- 3 - — 4). Thus (ugs + 1)? 
0.25, vgs = Ё .5 – 1 = -0.5V. 

Уш; = — 4 — 0.5 = —4.5V. 
Lowest Vg --4У + | У, |= -3V. 

For Vg = —3V, г, of 0» does not matter, the current being established by Q, at a value 10 
0.55mA. 


From Eq. 5.122: ғ, = 


1 1 
z Thus ла = 
A D (Vas — Vi) 0.1 x 0.5 (0 - -1) 


0 (-0.5 (р = 20kQ. From Eq 5.121: 8m = 28 gs — У,) (1 + А ору). Thus 
-0.5 — –1) (1 + 0.1 (1) )  22mA/V. Thus Rou = 8m2 102 "o1 = 22 X 10? x 20 x 


20kQ, and 


927 1x2. 
8m2 = 2 (2) (~ 
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0.43 


6.44 


SOLUTIONS: Chapter #6—14 


10? x 20 x 10° = 880kQ. 


(e) Now for the output raised from —3V to +1V, ie by 4V, АГ = RTI = 4.5рА, 
x 10° 


Add 0з with W4 = 20um, B3 = 2mA/V?, B; = 2mA/V?, p, = 
lo | ImA/V?, V, = -1V, à =0.1V7, 


i: (a) Use the results of Ex. 6.24. Since Q2, Оз are the same size, 
| Ирак 1 = —9.3V permits Ups, ГУ. Thus Унд: 2 = Vias + 1.0 = 
= -4.3У. Check: Now, for vps, = 1V, ip, = 1mA/V? (0 — — 1)? 
VBlas2 (1 + 01() = 14шА. Now for Q4 14пА = 
2mA/V? (vgs —— 1 (1 + 0.1(1)), or 1 = 2 (vgs + 1), and 
065 = V 4-12.707— 1 = -03V. OK. 


-5.3V (b Now, Оз remains in saturation for Ups 2 065 — V, or ups > 
—0.3 — –1 = 0.7V. Thus, the output can be as low as —4.3 + 1.0 
Qi = —3.3У. 


(c) Now as Оз is operating just as Q2, Vo can go as low as —4.3 + 


0.3 + 1 = -3.0V, at which point /о = 1.1mA. 
-6V 


1 1 | 

d M = 100, ro = —— = 102kQ = ro, -2(2 

(d) то 0.1х1х(0——1)2 2 01х2х(-03--1) 05: n2 (2) 
(-0.3 + 1) = 2.8mA/V = gm3. Thus, Roo = gm2 го го = 2.8 х 10.2 х 10.0 = 285.6kQ, and 
Коз = 8m3 Гоз Коз = 2.8 X 10.2 x 285.6 = 8.16MQ 


(e) For a 4V change in output voltage, AJ = TESI = 0.49uA. 


See Q, and Оз have the same width. Thus for Vpp - SV and V4 = 2V, Ups3 = Ups; = (5-2)/2 = 1.5V, 
and Vg = Vg = 5 — 1.5 = 3.5V. See 5 х 10° = W x 100 x 10$ (0 — —1 (1 + 0.1 (1.5)). Thus 
W, = W3 = 43.5pm, апа №, = 43.5/2 = 21.7um. Note that the diodes are sized to give 0.75V drop each 


1 
f 12 = 2.5mA. Now, г = >>: = 2B (ugs – Vj) (1 + A Ups). Thus 
or | m | ^ = X B Cas = vy Be B (vgs — V) ( ps) 


Sa ЭЭ ШАНД а ШО Also ры 365 
rol 0.1 (4. 35) (0 + 1)? 2 0227 0.1 (2.17) (0 + 1) Bmi = 2 (4.35) 
(0 + 1) (1 + 0.1 (1.5)) = 1OMA/V = gm3, and gm2 = 2 (2.17) (0 + D к + 0.1 (5 — 2)) = 5.64mA/V. 


x 4.61 
боз же 01. 230 
Up . 
Now, from Eq. 6.132: a= 220000056(х46141 2.30 _ 23.15 | 9 026V/V. From 
Va 10 x 2.30 + 230 + 1. 
2.30 
Eq. 6.133: К, = зш —22— = 31100, From Eq. 6.134: Е, = ғо (выз) 52 2 = 2.3 x 10 x = 
1-a 1-.926 2 


= 26.5kQ. 
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6.45 


6.46 


6.47 


SOLUTIONS: Chapter #6—15 


IDsseq = 0.5mA, Ups = ЗУ, Ups; = 0.7V. Now operate with 0651 = OV. 


Thus Ugs2 = -0.7V, with Ups2 = 3 — 0.7 = 2.3V, 0.5 = №; (0.1) (0 ~ 


0.5 1 | 
1)? x (1 + 0.1 (0.7), or W, = => — —— = 4. x 
) х (1 + (0.7)), ог W, 01 12 107 67um. a E 


W, (0.1) (-0.7 — —1)? (1 + 0.1 (2.3), or Юу С> x ox кое 


Q2 = 45.2um. For Ups = 6V, the current /pss will increase, with 
Ups; = V increasing as well. Thus i = 0.467 (0 — —1Y? (1 + 0.1 v), 
and i = 4.52 (—о + 1} (1 + 0.1 (6 — v)), (1 + 0.1%) = 9.68 (02 — 20 + 
= D (1.6 – 0.10), 1 + 0.1% = 15.5 02 — 310 + 15.5 — .968 X? + 1.94 v? 
Q1 - .968 v, 0.968»? — 17.34? + 32.070 — 14.5 = 0, v? — 1802 + 33.13 
G v — 14.98 = 0. 


2 15: 
Solve this cubic iteratively: v = DAMM. = 0.543? + 0.452 — 0.0300". Now, for o = 0.7: v 


33. 
= .543 (.7)2 + .452 — .03 (.7) = 0.266 + 0.452 — .01 = 0.708; for v = 0.71: v = 0.543 (0.71)? + 0.452 — 
0. 030 (0.71)? = 0.274 + 0.452 ~ 0.011 = 0.715. See that the process does not converge: Thus reformu- 


late it; у? = 2 533139 = 14.98... v = (0.05605 + 1.84 — 0.832)". Now, for v = 0.7: v = (0.056 (.73) 


18 
+ 1.84 (.7) — 0.832)^ = (0.0192 + 1.288 — 0.832)^ = (0.4752)^ = 0.689. See that. now it will diverge for 
lower values: Also for v = 0.8: v = (0.056 (.83) + 1.84 (.8) — 0.832)^ = (0.027 + 1.472 — 0.832)^ = 
0.818. Again we see that it also diverges, but that a solution lies between 0.7 and 0.8, but nearer to 0.7. 
Now, for v = 0.75: v = (0.056 (0.75)? + 1.84 (0.75) —0.832)^ = (0.024 + 1.38 —0.832)^ = 0.756; for v = 
0.74: v = (0.056 (0.74)? + 1.84 (0.74) —0.832)^ = 0.743; and for v = 0.73: v = (0.022 + 1.343 -0.832)^ 
= 0.7302. / 
Now conclude v = ups; = 0.73V, for which О}, їр = 0.467 (12) (1 + .1 (0.73)) = 0.501 тА, and for О, 
ip = 4.52 (—.73 – — 1)? (1 + 0.1 (6 — 0.73)) = 4.52 (0.0729) (1.527) = 0.503mA. This calculation is very 
sensitive due to squared term. Use ip = 0.502mA. 


1 | 
Ээ 8m = 2 В (965 = Vi) (1 + Л, Vps). Here 
À 3 (965 Е V)? ' | 


Ry =F „ for wih тикш н кшн ы €. | ЗАВИК 
ааг b 04" 0.1 (45.2 x 0.1 x 102) (-0.7 – —1)? 


E “Зу du ыш ES "S 
roi = 01 (467 x 10) (0+ 19 = 21.4КО, gm2 = 2 (4.52 х 107) (-0.7 1) (1 + 0.1 (3 ~ 0.7)) = 
3.34mA/V. Thus R ut = 24.6 x 10° x 21.4 x 10? x 3.34 x 107 = 1.76MQ. Now, the expected current 
increase as Ups rises from ЗУ to 6V is (6—3)/(1.76 х 10°) = 1.74A. The earlier estimate of change from 
0.500mA to 0.502mA by 2LA is quite consistent. The small-signal scheme is certainly more straightfor- 
ward! 


Small-Signal analysis: ry = 


From the results of P6.45 above, for Vpp = 6V and Vg = 6/2 = 3V, the upper composite would conduct 
0.5mA, while the lower one would bc biased at V, = 0V to correspond. For each composite, Ше output 
resistance is 1.76MQ. For the amplifier, the output resistance is 1.76/2 = .88MQ, and the gain is 
—gm Кош. Неге, gm = 8m1 = 2B, (oggi — Vj) = 2(0.467 x 10-0 — — 1) = 0.934mA/V, and the gain is 
— 0.934 x 107 x -0.88 x 10° = —822V/V. 


Though it is not required explicitly by the specification, make all devices the same size. For Vem = OV, 

Vpp = 5V, and Q; and Оз matched, the voltages across each will be the same, and 

Ups; = 0р53 = a = 2.25У. Thus 0.5 x 10? = И; (0.1 x 10?) (-0.5 — — 1)? (1 + 0.1 (2.25)), 
0.5 1. 1 


ог W,= = 16.3um = W, = Ws. Use J = 1.0mA: Now for 0.5mA in Qi, the 


Х----срүХ _— 
0.1 (05)? ^ 1225 
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voltage at the sources of Q, and Q, is 0.5V, and that at the source of Оз is 0.5 + 225 = 2.75V, with 
2.75 — 0.5 = 2.25V at its gate. Thus Ups2 = 2.25 – 0.5 = 1.75V. Now, 0.5 x 10? = 163 (0.1 x 


— 1 = 0.5109 — 1 = -0.489V 


0.5 1 
-3 _ _1\2 = —— NNI 
1077) (ugs Г) (1 + 0.1 (1.75). Thus 0с; = t | 1.63 X 1175 


(rather than 0.500V). Thus, there would be an 11mV offset to maintain Уо at 0.5 + 1.75 = 2.25V. Note 
that since the drain voltages of Q, and Q, are different, as required by Оз operating at ugs; # 0, while 
О, and Q; are matched and share a source connection, there must be an input offset voltage. Otherwise, 
for gate inputs connected, and the drain supply exactly half that of the source bias supply, the output will 
rise until Оз enters the triode mode and Vgs3 = 0. For the offset acceptable, and nominal operation with 
ip = 0.5mA and Ups = 2.25V, and 0с; = -0.5V, £m = 2B (as = V,) (1+ À Ups) = 2 (0.1 x 163 x 


107°) (-0.5 – —1) (1 + 0.1 (2.25)) = 2.00mA/V. a ненне 
)( ) (1 + 0.1 (2:25) m r X B Gas у 


(9 
24.5kQ. Now from Eq. 6.139 of the Text -— 


0.1 (1.63 x 105) (-0.5+12 у 
_&т1 Го! — 2.00 х 24.5 49 
те = rp aur a Шш ай 0) = 
2mi rot 1 "en 2x24541 -2х245 50 49 9 (50) 
ного tl Янз гоз 41 2х 24.5 +1 2х 24.5 +1 50 50 
2450V/V. 


Alternatively, for W, = W2, but И; smaller, so Ups; = Ups2 = 2.0V, and Ugs3 = OV with 065 = 0652 = 
-0.5У, all operating at 0.5mA nominally. Find: 0.5 x 10? = W, (0.1 x 10) (-0.5 + 1)? (1 + 0.1 (2.0)), 


n = 16.7um. Now for W3: 0.5 x 10? = W, (0.1 x 10? (0 1? (1 + 


М = И; = 017 05 : aj | 
0.1 (5 — 2)), or №; = от х 12 X 13 = 3.85um. Now £m3 = 2 (0.1) (3.85) (0— —1) (1 + 0.1 (3)) = 
mAN ғо = = 25.97kQ, and g,1 = £43 = 2 (1.67) (-0.5 - — 1) (1 + 0.1) (2)) = 


0.1 (0.1) (3.85) (12) : 
2.004mA/V, with ro, = ro = ——————————— = 23.95kQ. Thus the gain is — = 


2501980) 0.1 (1.67) (-0.5 + 1)? 0, 
EE си Шэнэ шшр э ER L1 уу: 
2.00 (24.0) -1 ___1(26) 49 26 
2.00 (24.0) 41  1(264 1) 49 27 


SECTION 6.10: MULTISTAGE AMPLIFIERS 


6.48 DC bias for үре = 0.7V, B = e», and 15V supplies, Igo = M = 0.5mA. Thus /c3 = 0.5mA, 
Ic; = Їс2 = 0.25mA > le = 10092, Їсв = 2.0mA, Ic4 = Їс5 = 1.0mA > Р = 250. Үв7 = 15 ~ 3(1) = 
12У, Уку = 12 + 0.7 = 12.7V, Ig] = 24 = ПА > г, 250. Увв=—15 + 1 (15.7) = 0.7V, Vo 
= OV, үн L2. = 5mA = r, = 5Q. 


20k + 20k 7 3k — T 15.7К 
100 -- 100 25 + 25 2.3k + .025k 


АС for В = о: Кы = о, Roy = ЗКО || 50 = 50, Gain = 


3k : 
---2--ш-- = 200 x 60 x 6.75 x .998 = 80.9 х 10°V/V. 
321005 P 
AC for В = 50: Rj, = 51 (100 + 100) = 10.2КО, Rou = 3kQ 15 + шэн = ЗКО Il .313kQ = 2830 


For gain: Second-stage R;; = 51 (25 + 25) = 2.55КО, пша Ris = л (2.3 E Эн шоо 
. ОК Il 2.5 0 3k Il 117. 5 
a А == энэ 5 = ———M х MOINS P E A A ME Ue Rec ROMS 
fourth-stage Rj4 = ЗК (51) 153КО. Thus the gain 51 (0255) x 2 s] 


2k 
13049 TOON 39 se code гэ гээ! 0 оа iy OU Pet х, 029 A. 


2.325k 51 3.000 02 51 .05 51 2325 51 3:005 . 
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6.50 


SOLUTIONS: Chapter 46-17 


To raise ic; from 1mA to 2mA, and ics from 5mA to 20mA, reduce R4 to 2.3kQ/2 = 1.15КО, R5 to 


15.7/2 = 7.85kQ, Rg to 3/4 = 0.75kQ. Now К,д = 101 (25/20 + 750) = 75.85kQ, 
_ Rs I Rig 7.85k 11 75.85k |. Rg 750 
qmm r; +R, = — 12.5 + 1150 = —6.12V/V, Мал ан = L| WES = 0.998V/V. Now, 
50 4 750 
A =A, А» Аз Ag = 22.4 x (—59.2) х (-6.12) х 0.998 = 8099V/V, and R, = К, Il (reg + RAB + 1) = 
7501 (1.25 + 7850/101) = 750 1 78.97 = 71.40. For load R;, loss is XU = 0.8. Thus К, = 
1, 


0.8К,, + 57.12, 0.2К, = 57.12, К, = 2860. For а 2860 load, the upper swing is limited by Q7 saturat- 
ing. Assume OV between the emitter and collector of Q7, and look down from the collector of Q}. See 
an equivalent load resistance at the emitter of Од of 2860 || 7500 = 2070 connected to a supply of 
(.286/(.286+.75)) (-15) = —4.14V. At its base, see a resistor of 101 (207) = 20.9kQ to a supply of —4.14 
+ 0.7 = —3.44V. The equivalent circuit is as shown: 


+15 Looking down from the collector of 07, see 20.9 11 7.85 = 5.71kQ 
to —3.44 + (20.9/(20.94-7.85)) (-1543.44) = —11.84V. 


—1.16k 
Thus, Ид = +15 1164571 (15 — — 11.84) = 10.47V (for which 


О; does not saturate). The maximum positive output is 10.47 = 0.7 
= +9.77V. For negative output, with Qg cutoff, the output is 
20.9ка (286/(286+750)) (-15) = —4.14V. Thus with a 2860 load, the out- 


7.85kQ | 
-3.44 put can swing from 9.8У to —4.1V. 


-15 


For the resistor values: 

The reference resistor, Ко = (0 – —10—0.7)052 18.6 kQ; К, = (0 – —105-2 2 КО; 
К; =(+ 0.7 – –- 10у = 107 КО; Ку = К, = 30.52) = 12 КО; К; = 20202) = 2 КО; 
R4 = (2 ~ 07У = 1.3 КО. 

For the emitter resistances: 


For Qi, Qi, ei 57,525 mV/0.25 mA = 100 Q. For Q4, Qs, гуд 7,5, 25 шУ/Л mA = 25 0. 
For Q7, fe7 = 25 шУ/1 mA = 25 Q. For Qg, reg = 25 mV/5 mA = 5 Q. 


For the input resistances: 

re=(B+ I)re -51г,, in general; г = гл = 5.169; ra-2rgg-rg;j—251025)72 1.275 КО; 
reg = 51(5) = 0.255 KQ. 

Now Rii = Rig = ai + ra = 2(5.1) 10.2 КО; Ryo rg + ras = 2(1.275) = 2.55 КО; 

Riz = ги + (B + 1X(R4) = 1.275 + 5101.3) = 67.575 КО; Rig = rag + (В + 1)R6 = 0.255 + 51(2) = 
102.26 КО. 

As noted on page 557 of the Text; Via = (КК; 1) (1, в1;) = (10.2) (i 9; ) = 0.1961, gt, 

where 1,5, = і, вьв X ipgicz X ic7ip7 X 1671.5 X be Sins X ipsc? X ici. 

Here, i,gipg = B + 1 = 51; 181.7 =RARs5 + Rig) = 10.7(10.7 + 102.26) = 0.0947; йт = В = 50; 
iyi. s = КУ(СКз + Ri3) = 2(2 + 67.6) = 0.0287; 1.715 = B = 50; 

ipsc, = TR, + R3 + Ra = 12+12+255 = 0.904; 1.21; = В = 50. 

Thus overall, ®„40ш = 0.196 x 51 x 0.0947 x 50 x 0.0287 x 50 x 0.904 x 50 = 3070 V/V. 


Clearly this method fails if B = о, although it is generally OK for large (but finite) D, in which case the 
current-divider factors become smaller and smaller as f) rises. 
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NOTES 
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Chapter 7 


FREQUENCY RESPONSE 


SECTION 7.1: S-DOMAIN ANALYSIS: POLES, ZEROS, AND BODE PLOTS 


71 Using the  voltage-divider гше: T(s)= Yot) = NEC ___ Here Zeeries = 
l | Vi (s) Z shunt + Z series | он 
1 ЇЇ: Ш КҮС | _ К, Т( ) Ш V, (s) _ VC 
Cis Re Cis OL RCs 5-5 Vis) Cs € Ryü- КС) 
1 Tis iss +R; С; 5 That | жы 
4R, CsA С 5) or T(s) = I*R C * G)s lat is, we see a single-time- 


constant response with a time constant t = К (C, + C5), where the resistor Ку "sees" C, + Co, 
the parallel capacitance of C, and С» when the source is shorted. 


Type of STC: 
a) See that the circuit passes dc directly via Кү, with the signal reduced at high frequencies. 
Thus it is a low-pass (LP) STC circuit. 


b) See for s 20, V,(syVi(s) = 1, and for s = oo, V,(syVi(s) = CYC, + Сз) < 1. 
Now, for R, = 100, C, = (0.5/10)uF, and 


| C, = 0.5uF. There is а pole at о, = 1/(R, 
IT(o) (Ci C3) = V(10*0.0540.510 5) = 182 
20 ШИНЖ, | rad/s, and a zero at œ, = AR\C\)= 
0 — 1/104(0.05)1079) = 2000 rad/s. From 
556 : | ТҮС (һе Figure, or directly, see T (0) 
1+3 ОК} С М | Т (о) 
o rad/s = ——— r. Now, 
Ф(9) Å 10 100 1k 10k ULT 2 7 
490 : _ | I + (0 Ку Су) | "" 
M NEM. 1 +(® Ку (Ci С)? J po 
EE, uo 
: N da | = 04B AT (e)l 1 = С = 
-45 — 1 = , (co) = C + CG; до 
0.510 110 0.1 1 
-90 0510:05 11051 от 


(w) = tan! o R, Сүчаг o R; (C, + C3). 
$(0 = 0 — 0 = 0°, Ф(») = 90 – 90 = 0°. 


Ф(о,) = tan! „о... — tan! 1 
4 Ry, (C, + C5) 
= tan! "T = tan! 1 = (ап! V11 — tan! 1 = 5.19 — 45° = —39.8*. 
Ку (Су +С 
Ф (œw) = tan! 1 — tan"! AUCI C = tan! 1 — tan! 11 = 45° — 84.8" = —39.8°. 
К, С, 
) 603 603 
= и ... А — = -l — -l — = 5 - 
For Om = (Wp 0)" = (182 х 2000) 603 rad/s, Ф (,,) = tan 2000 {ап 182 16.8 


73.2" = —56.4°. 
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(а) 


(б) 


(с) 


(4) 


(е) 


T(s) 


SOLUTIONS: Chapter #7—2 


10!^ (s) (s + 10) 


~ 1 10 10° 108 
G D 6 rn (10 GE S0) 


= (100) (107) (109) (1 + 5) (1 + 5/100) (1 + 5/105) (1 + sA0°) 
10? s (1 + 5/10) 


or T(s) = ————————————————————. 
(1+5) (1 + 5/100) (1 + 5/10) (1 + 5/109) 

| _ ICO) _ і -1 -iy = 

As 5 — 0, |T(0)|z 0) 0) 0D d) Od = 0V/V, and Ф(0) = tan + tan '0/1 – 4ап 01 = 


90°. 
C 1 - Е E 
As s — оо, | T (co) |= 29— = — = 0V/V, Ф(оо) = 2 tan™ (оо) — 4 tan"! (eo) = —2 tan! (оо) 


= —180". 
Poles at s = —1, —100, —10°, —10$ rad/s. Zeros at s = 0, —10, со, со rad/s. 


As the frequency rises, the zeros increase the gain while the poles reduce it. We see that 


the gain increases from О to the first pole at 1 rad/s, then begins to rise again at 10 rad/s 
until 100 rad/s where it flattens, beginning to fall again at 10° rad/s, and more at 10° rad/s. 
Thus, we see that the gain is greatest from 100 rad/s to 10° rad/s. Thus at w = 10? rad/s, 


| Т(107 | 


Р 102 (103) (102) 
10? (10) (1) (1) 

= 90 + 90—90—84—0-—0- 6°. Also at œ = 10* rad/s, | T(105) | = 

= 0.9x10?, and | 

Ф (10$) = 90 + tan! 10? — tan! 10* — tan"! 10? — tan! 107! — Чап”! 10? 


2904-90-90-90-0-0-0, Thus the greatest gain is 10 V/V, and the corresponding 
phase is 0°, occuring from about 10? to 10* rad/s. 


Gain at 10? rad/s, 


= 10°@ (10°) = 90 + tan! 10? — tan! 10? — tan^! 10 — (ап! 10?— tan"! 107 


102 (105) (10°) 
10* (102) (1.1) (1) 


(102)(10)(1 + (10710)? )^ 


T (0210) = 3 : 3 
| : (+ аолуу (1 + (107100)2^ (1 + (105103)2)^ (1 + (107109)2)^ 
= JU 00) UV) = 10243 42-3-1 = 10°V/V = 60dB. 


107 (10) (1) (1) 
At 10° rad/s, Т (w= 10) = 
..... 10? (10°) (10°) 
~ 105 (103) (1.414) (1) 


102 (10°) (109) 
107 (10%) (1 + (10105)5^ (1 + (10710®)2)# 
= 0.707 x 10? = 57dB. 


It certainly would have been better to prepare the Bode plots earlier, certainly by the end of part 
(a). It is actually possible to sketch the pole and zero locations immediately, and to sketch the 
shape of the magnitude plot. However the absolute magnitude requires a calculation like the 
conversion done in part (a) (see P7.4 following). Probably easiest after (c), most useful before (d), 
and usefully possible before (b). 


(See the Bode Plot on the following page.) 
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SOLUTIONS: Chapter #7—3 


7.2 (Continued) 


AN 
у X 0) rad/s 
-20 © ОЦӨ 
-40 | 
90 
Ф 45 
0 


-135 
-180 


€ rad/s 


0? s (1 + 5/10) 
(1+5) (1 + 5/100) (1 + 5/105) (1 + sA0*) ` 


2 2 20% 
M dco X Ий ы E E O жинин 
(1 + 1005^ (1 + (1001100)*)” (1 + (1001107)^^ (1 + (100109)5^ 
10? x 10? x 10! 


а = 0.707 х 102+2+1-2 = 0.707 x 10° = 57dB. Ф (0) = 90 + tan! 10 — (апт! 
10° (2) (1) (1) | | 
100 — tan"! 1— tan"! 10? — tan! 10^ = 90 + 84.3 — 89.4 — 45 — 0.1 — 0 = 39.8". 


For œ = 2 x 10° rad/s, 


73 From P7.2 above, T(s) = 


10? x 2x 105 (1 + (229 уу 
ооа | 2% 10" е | 2 х 10° 4, 
(1 + (2 x 105^ (1 + (=———)*)* (1 + (———))* (1 + (—— T ——)) 
10? x 2 x 10 (2 x kin 4 x 10!! 


"2x10 (2 x 10?) (1 + 4)^ (1 + 0.22)^ m 4 (Y 5) CN 1.04) х 108 


= 0.4385 x 10° = 52.8dB. 
Ф (0) = 90 + tan! (2 x 10^) — tan! (2 х 10°) — tan! (2 х 10°) — tan! (2) – tan! (0.2) = 90 + 
90—90—90—63.4— 11.3 = 74.7. 
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SOLUTIONS: Chapter #7—4 


SECTION 7.2: THE AMPLIFIER TRANSFER FUNCTION 


7.4 


7.5 


7.6 


7.7 


From P7.2, T(s) = 0з (+10) _ 5 (5 +10) ^ 
Ё Г.М” (s + 10°) (s + 105) EPD (s + 100) 
ER AERE EEE EA N 10 EE EAE 
5 На, 10? х 106 (s + 1) (s + 100) з, 
14--02)(14---т | 1 
( 105) T a+- + 10€) 
Thus, Ам = 10°, ыы oe n LU) NN - 1 
us, Ам = 10, В) = C (5 100)? Ён) 2 
(1+ зо "my 
CE | 3 
xu 0° s (s + 10) EV 10 
(s + 1) (s + 100) (14 2) (14-2) 
T. 109 
= 856-10 4. s 2 — 1 
Prom P74, ЕЦ) = т) @ + 100) 841007 90) те ооу UE 
T: 106 107 
107 8 


with the dominant-pole responses indicated by =. Thus A(s) = 
(s + 100) (1 + mW 


For the low-frequency response of the transfer function given in P7.2, there are 2 low-frequency 
poles, at 1 rad/s and 100 гад/5, and zeros at 0 and 10 rad/s. 


For the 3dB frequency: 
(a) Dominant Pole: œ; = 100 rad/s. 
(b) Root Squares: œ, = (100? + 1? — 2 (102) )^ = 10? (1 + 10% — 2 х 102^ = 99 rad/s. 


| | (w? + 102) (0) _1 2 
(c) Exactly: (9 +17 (48 4 100). 2 (1), 


260% + 2(10)? œ? = o + 100? œ? + œw? + 1002, 


w — o (2901) - 10000 = 0, œ? = [ — -9801 + Y 9801? — 4(—10000))y2 = [9801 + 9803]/2, 
that is œ? = 9802, ог œ, = 99.00 rad/s. Note above in (1) that the zero at zero frequency 
must be included in the calculation. Why? 


For the upper 3dB frequency of the transfer function in P7.2, two poles, at 107 and 106 rad/s. 
For the 34В cutoff: 
(a Dominant pole: Wy = 10° rad/s. 


л | 1 1 | 105 
b) Root squares: Фи = ——— + ——— A, жа pee 
хасан ý (10? (1003 ^ | teas n 40 | (1 + 1/100)^ 


Qj = 0.995 x 10° rad/s. | 
1 : 1 
5 в, Т (œ) = 542 62. 7 
(1 + 5/105) (1 + 5/106) (1 + (0у105)2) (1 + (0у108)2) 
1 + о> (110! + 110!%) + 01022 = 2, wt + œw? (10? + 1010) — 1022 = 0, 
w* + 101 x 10!9 9? ~107 = 0, 
—101 х 1079 + Y1012 x 10% + 4 x 1022 
| 2 ' 
;  -101 x 10? + 102.96 х 1070 


бышса = ICM DRE 0.9805 х 10! and Юн = 0.990 х 107 rad/s. 


(c) Exactly: Fy(s)= 


, 


o? = 
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1.8 


7.9 


SOLUTIONS: Chapter #7—5 


s (s + 10) : | 


Old T (s) = ————— —— х 103 x ———— ——————————. 
()* 6 * 1) (5 100) (1 + 2/105) + 5109) 
5 
Modified T(s) = 256410). x 10° x е ишийг: х __(ї+5Л0)__ 
(s + 1) (s + 100) (1 + 5/40) (1 + 5/05 (1 + 542 x 105) 
Note the pole-zero cancellation with the result that T(s) = 
Юза O and wy = Y (11 x 109. + (VQ x 10б))? = 
(5 + 1) (s + 100) (1 + 510%) (1 + (2 x 109)" : шэн 
10° (1 + 14)? = 0.894 x 10° rad/s. 
1 0)“ 
Exactly, ———————————————. = |2, 1 + Жы еш SD. 
У ж (10% (1 + (92 х 105)? du 4) 2 (102 
| m 12 24 _ 24 
2-2 x 102 02-2 (102) = 0, o = TEXT i tax iex) 
12 (9 4- 
DREAM = 0.73 x 102, Thus wy = 0.856 х 10° rad/s. 


(1) Using open-circuit time constants: For Сі, R4; 2 Ку, and = К, C, For 
С», Reg = Rı + Ra, and т = C4 (Ry + R2). | 
(a) For К|ү-К,-10у0, C=C, = 100pF, т = 10* х 100x 107? = 107%, 
| 1 | 1 

т) = 100 x 10772. (104 + 104) = 2х 107, ay = Se Лани 
2 ( Н Ti T2 1 x 107 - 2 x 1079 
= 1/3 x 10% = 333 x 10° rad/s, or = 0.333 x 10°rad/s. Alternatively, the sum of 

squares approach yields @y = 1/(1? + 22)4 x 106 = 0.447 x10°rad/s. 


(b For Кү = Локо, К, = 100КО, Сү = 100рЕ, C; = 10pF, t = 10* x 100 x 
10712 = 107%, т = 10 х 1072 (10 х 10* + 1 x 10%) = 10 x 10 (11) = 1.1 x 107%, 


| 
=н (1 + 1.1) 1079 
approach yields @y = 1? + 1.12)^ x 10° = 0.673 x 10° rad/s. 
(с) К = 10kQ, R} = 100КО, C4 С = 10pF, т = 104x 10x 107^ = 0.1 x 10-56, 
t = 10 x 107! x (105 + 10%) = 10 x 10712 x 10* (11) = 1.1 x 10s, @y = 1/(0.1 + 
1.1) 1079) = 0.833 х 108 rad/s. Alternatively, using the sum of squares, @y = 
100.12 + 1.12)^ x 106 = 0.905 х 10° rad/s. 


= 0.476 x 10° rad/s. Alternatively, the sum of squares 


vo + vo C2 S R2 


7-0 NUM R2 
Vo 


n Fate HW 
ЇС2 = vo С2 5 
ic = vo (R2 C2 S + 1) Сї 5 - 


BN DS 
vi = vo [R1 R2 C1 С25 2 Ви C1S4ħR1 C2 S + А2 С25 + 1] 
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SOLUTIONS: Chapter #7—6 


1 
528,/Кх:С,С,45(ЕС(-КЁ,)С,:4К:02-1” 
T(j9) = ——————— ——À——— —ÀgPÁÀ————. 

jo (Ry Ci + Ry Co + R2 C2) + (1 — 9^ Ry R2 Cy Сә) 
down when œ? (Ку Ci + Ry C2 + R2 C3 + (1 — w Ry Ra Ci С)? = 2. Now, for particu- 
lar cases: 
(a) К = К) = 10kQ, С = C; = 100pF. Now, o (3 x 104 x 107192 + (1 — œ? x 104 x 
10* x 10719 x 107192 -2 = 0, 9 х 107 œ? + (1 — œ? 107 – 2 = 0, 9 œ? 107? + 1— 
2 œ? 107? + 0) 10724-2 = 0, o^ + œ? (7 х 10!) -10% = 0, œ = 


22 12 + VAN door B; a | 
BOLT = rer. 0.14 х 102, and wy = 0.374 х 10° 


Do 
(2) Exactly: T(s)= pm 


Now, response is 3dB 


rad/s. 

(b Ry = 10КО, К» = 100КО, C, = 100pF, С» = 10pF. Now, œ? (10* x 10719 + 
10^ x 107!! + 10° x 1071? + (1 — o? x 10^ x 105 x 10719 x 10715? — 2 = 0, or 
w? (1076 + 107 + 10)? + (1 – о? 107? - 2 = 0, ог o? (2.1 x 10%)? + 
(1 — 107! œ? – 2 = 0, 4.41 x 1079? + 1 2 2 x 10? o + wt 10724 — 2 = 0, 


wt 10724 + 2.41 x 107!2 9? — 1 = 0, wt + 2.41 x 10!2 o? — 10% = 0, 
w? = 10!? (-2.41 + Ч 2.412 — —4y2 = 10!? (-2.41 + 3.132y2 = 0.309 х 1012, 
Thus ор = 0.601 х 10° rad/s. | 

(c) Кү = 10kQ, R5 = 100КО, C, = 10рБ, C; = 10pF. Now, c? (10* x 
10711 + 10* x 10“1-107х 10!) + (1 — œ? x 10 x 10° x 107!! x 1071! — 2 = 0. 
Thus о> (1.2 x 107%? + (1-09? (0.1101? 222 0, 1.44 x 1029? + 1 — 2 
w? (0.1) 107? + w* (0.01) 107% — 2 = 0, wt + 1.24 x 10+! — 10926 = 0, 
w? = (-1.24 х 10^ + У 1.24? х 1028 — 4 ( 10292 = 10/4 (-1.24 + V 1.24? + .04y2 = 
0.00801 х 10!4 = 0.801 x 1072, Thus ор = 0.895 x 10° rad/s. 


7.10 Using short-circuit time constants: For Cj, Reg = Ry Il Ro, and 1; = Ci Ry Ro/( Ri + R2). 
For C2, Reg = Ra, and т = С, Ra. | 
(a) For = К. = 10kQ, C=C, = ІШЕ, т=1х10%9х10%2=0.5 х 10725, and 

w; = 10.5 х 10? = 200 rad/s; t; = 10% x 10* = 10725, and œ, = 100 rad/s. Thus «y, = 100 
+ 200 = 300 rad/s. Using the sum of squares idea, w, = (100? + 2002)? = 224 rad/s. 

(b) For R; = 10kQ, К) = 100kQ, С, = IpF, Cz = 0.1pF, ту = 1079 x 10kQ Il 100kQ = 0.909 x 
10725, t; = 10° x 1077 = 10725. Thus œ; = (10.909 + И) x 1107. = 210 rad/s. Alterna- 
tively, œ, = ((17909)? + (1/1)2)7 х 100 = 147 rad/s. 

(c) For R, = 10kQ, К) = 100kQ, C, = С» = 0.1pF, ту = 1077 x .909 х 10** = 0.909 x 1073s, 
т) = 107 x 10° = 10725. Thus w, = 10.909 x 1073) + 1107? = 1100 + 100 = 1200 rad/s. 
Alternatively, оу = (1/9092 + 1102)? х 1000 = 1054 rad/s. 


SECTION 7.3: LOW-FREQUENCY RESPONSE OF THE COMMON-SOURCE 
AND COMMON-EMITTER AMPLIFIERS 


| —Rg, Il R 
7.11 For Midband Gain: all capacitors аге ас short circuits. Thus, A, = шаг NR 
R + Re; Ксә 


10M 11 22M 6.875 
=——————х2х107Ў(20К Il 10k) = – х 10? х 6.667 x 10° = 
8m Ку, Кр 100k + 10M 1 22M ца ) 77 6915 
- 13.14 V/V. 
For Ссі: Re, =  100(Q +  687MQ = 6975 х 100, and 


fpi = Wn х 6.975 х 10$ x 0.01 x 1079) = 2.28Hz. For Coz: Кє; = 10kQ + 20kQ = 30kQ, and 
fpa = VQn x 30 x 10° x 0.1 x 109) = 53.1Hz. 
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1.12 


7.13 


SOLUTIONS: Chapter 47-7 


For Cg: Rs = К; 1 Ve, = 10kKQ HN (12x10?) = 058108 = 4760, and 


fos = U2n x .476 x 10 x 1 x 10°) = 334.3Hz,with f, = 2r X 10 х 10° x 1 x 10%) = 
15.9Hz. 


Use the largest capacitor at the source, where the resistance level is least. Now, 
Cs = 20 х .476 х 10° x10) = 33.4uF. Use Cg = 30uF. Now, Cc, = K2n x 6.975 х 106 x 1) 
= 0.02364F. Use Cc; = 0.02uF. Now, Cc; = 2r x 30 x 10° x 1) = 5.3uF. Use Сс» = 5uF. 


Actual critical frequencies are: fps = 27 x .476 x 10? x 30 x 107%) = 11.1Hz, foi = Кт х 
6.975 x 10° x 0.02 х 1079) = 1.14Hz, f,; = Vn x 30 x 105 x 5 x 10%) = 1.06Hz, f,s = 1/ Ол 
x 10 x 10? x 30 x 10%) = 0.53Hz. 


Modify Equations 7.35 through 7.36 for the addition of rs in series with Cg: 
е | Ys 11 | 


I zl = г---.ы--, H« 3, Ү = e dud mee РОЛИ ИИО 
a) = is) Ven + 2, Bm Ve 8) Em + Ys шан Zs Rs i V (s Cs + rg) 
s C 5 Cy (Re + rs) +1 
- ы ырыл. г 2 Thus ia (в) = 
К, 1-5 rs С; Rs (s Cs rs +1) 
5 Cg (Rs + rs) + 1 
Rs (s Cs rs + 1) 5 С; (Rs + rs) + 1 
gs Ve Gam Vg) OCS SSO SS 
1: Cs улу 5 Cs (8m Rs rg + Rs + rg) + Rs рь +1 
5n T URS (5 C rs + 1) 
(Rs + rs) 
= V, (5) 


ёт Rs rg + Rs + rs 

1 

s+ ———— 
Cs (Rs + rg) 


x ———————————. See that there is a zero at о, = Cs (Rs + rg)), and a pole 
1+ К, Em 


s+ —————MÀ———— 
Cs (8m Rs rs * Rs +05) 


at à, = , Where the resistor associated with Cg at the pole fre- 
C Rs + rs (1 + 8m Rs) 
: 1+ &т Rs 
Ку т К; rg (1+ 8m Rs) + Rs 
j +l, IRs = rs t 6 E r t+ CF OO 
f тоо Em CS TIS Tom хэнийг гээн Г+ Bm Rs 
noted. Now the equivalent transconductance 15 — — Pe — = 
Ийн + Rs ll rs Em Rs rs 
14----- 
Rs + rg 


£m (Rs + rg) 
Em Rs rs + Rs + rs 
Now for the situation in P7.11, with g,, = 2mA/V, Ку = 10kQ, the gain is reduced by a factor of 


, as noted. 


БОС hei кезше S CS. us dE ge ee eo eer R R; + 
= » OF = SS 5 ог r, = rs, or 
ша саг Em Rs rs + Rs + rg 2 Rs + TS шанг 5 * 
Rs 10 x 10 10 x 10 
pe e eem ШШ ima a =“ 5260. For the new ole: 
S= 658К)-1  2x10?x10x105—1 19 р 


Rp = rs + (Vem) Il Rs = 526 + (1/2 х 107) 1 (10 х 10°) = 526 + 476 = 10000. This 
should have been obvious since the gain was to have been reduced by a factor of 2, and 1/g,, = 
5000. Thus fps = X27 x 1000 x 1 x 1079) = 159Hz, and 


f; = Wn x 1 x 107% (10kQ + 0.526k Q2)) = 15.1Hz. 
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SOLUTIONS: Chapter #7—8 


SECTION 7.4: HIGH-FREQUENCY RESPONSE OF THE COMMON-SOURCE 


7.14 r= 


7.16 


AND COMMON-EMITTER AMPLIFERS 


25 x 107 | 25.17 M 40 
= ———— = 166.7Q, = 166.7 x 150.2 2517kQ;, Ауе 
* ^ 01 -3 "п M 77 55.171 40 + 10 


15 х 
3 
21101200 4349 49310 06073056 E1798 = RU 


166.7 2545 1667 | 

For Cci: Re = 10kQ + 40kQ Il 25.260 = 10kQ + 15.5kQ = 25.5kQ, 

1 
= —————_ = 624Hz. 

Jol = aX 255 х 10 x 1 x 10“ 

For Ccx: Rez = (9.1500kQ + 10kQ) = 18.94kQ, 
| 

= — — —- = 84Hz. 

Joa = "PETTY PEU 1 x 109 

For Cg: Reg = | 167 + Бааша | 1 8.2k = 220.3 1 82k = 2140, 

| 1 


= ———————— = 74.4Н>, = —— = 1.94Hz. 
Sot = X X 2IA X 10 х 10 | fi , 2n x 82x 10° x 10 x 10% 5 


Overall: f, = | 6.24? + 8.4? + 74.42 — 2 (1.94)? | = (39+71+5535—7.5) = 75.1Hz. 


Use data from P7.14 above, where for Cci, Rc; = 25.5kQ; for Cez, Кс» = 18.9kQ; for Cg, Reg = 
1 


0.214КО. Now, for = 20Hz, Сұ = = 372uF, f hich 
Toe E 2n (214 x 105) х 20 цасан 
=-——————_— = 0.521Hz. Now, for = 0.521Hz, 
АЕРГЕ" 109х372х10% — Jot 
Cci = —— = 12.0uF. Now, for = 2Hz, Cez = ————————É—— = 
Cl од x 25.5 x 103 x 0.521 á Jo2 7?" 2xx189x10 x 2 
4.2uF. | 
1 
Alternatively, for = 0.521Hz, Ce; = —————————— = 16.2uF, and for = 2Hz, 
жи = 027 On x 18.9 x 10° x .521 5 fpi 
Cci = === = 3.12pF. This arrangement is better, since it makes the pole - zero 
|. 2n X 25.5 х 10° x2 
cancellation independent of Р, although it takes a larger total capacitance. 
Here, as in P7.14 above, r, = (25 x 10?y(0.15 x 107) = 166.7 Q. 
Now, re = 350 Q, and the resistance looking into the base, (call it r,) is 
ra = 151(166.7 + 350) = 78.0k Q. 
SN, ышы” 78.0 Il 40 150 x (9.111 1011 500) x 10? ~ 26.4 е 150 5 4.72 x 10? "n 
М 78.01 40 -- 10 151 166.7 + 350 36.4 151 5167 06 
- 6.58 V/V. 


For Ссі: Rc; = 10k Q + 40kQ 11 78k О = 10k Q + 26.4k Q = 36.4k Q, 
and f,; = 2r x 36.4 x 10° x 1x 10%) = 4.37 Hz 

For Ccx Rez = 9.1 11 50060 + 10kQ = 8.94kQ + 10kQ = 18.9kQ 
and fj; = И2л x 189 x 10° x 1x 1075) = 8.42 Hz 

For Cg: Reg = 350 + [167 + (40k О II10k 2151] Il 8.20. 

= 350 + [167 + 53] 1 8.2kQ = 350 + 214 = 5640 

and fpg = 2m x 564 x 10 x 1079) = 28.2 Hz 

with fg = 1(2n(8.2 х 10° + 350)10 x 10%) = 1.86 Hz 
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7.17 


7.19 


7.20 


7.21 


SOLUTIONS: Chapter #7—9 


For fy: fy = [4.377 + 8.42? + 28.2? — 2(1.86)2]* = [19.1 + 70.9 + 795.2 — 6.9]^ = 29.6 Hz 


From Eq. 5.115, fr = 8m / [2x (Cg + Сш) ]. 


@ ip = 0 Y --- (1). 
p 


V V | V 
1-44--27-14-2-009 = 1/2. Thus mE = -1/2, Ug; = -1. Now 
2Ipss VGS 2(4) 2х 1073 
m 1----) = (1/2) = 2mA/V. Thus = —— = 
А =V; ү, ) sto | fr 2n(2 + 0.2)х 10? 
144.7MHz. 
(b) ip-V2K(WL)wgs -V,), 200 = 100 (00-12 ә (06-1)-12, 
2m = КОМИЛ, (осу — V,) = (200 x 1075) Y 2 = 283L A/V, Cj; = 0.15 x 107? + 20 x 10755 + 
01 x 107 = 027pF, and Сш = 20 x 10 PF = 0д02рБЕ Thus 
283 х 1076 


ie 222465 ЭМН 
fr = 5 (0.27 + 0.02) x 10712 


-3 
бу: pines 07-20 ens 


— 2x (0.15 + 0.015) x 1072 


For convenience, К = 12 C,, (W/L) = V2 (.05 x 10 x 1 x 107 x 273 = .225 x 10° 3A/V? 
225pA/V?; gm = 2K (vgs — V) = 2 (225 х 10%) (2.5 — 0.5) = 900НА/У: Сы = La W Cox 
3х27х1х 10715 = S1fF. С, 223 WL C, + Lj W Cox = 213 х 27 х3х 1 x 1075 + 8.1 


| 8т 900 x 1079 
1075 = 54 + 8.1 = 62.1fF. Thus fr = ————————. = ——————————À. = 2.04GHz. 
fT “сур (Cg + Са) — 21 (62.1 + 8.1) x 1075 


X MH I 


C, = Cys + Cog (1 — gain) = 200 + 20 (1 — — 1) = 2A0fF, for gain of -1V/V, or = 200 + 20 (1 — 
— 100) = 2220fF, for gain of -100V/V. Cy = Cy, + Cga (1 -l/gain) = 100 + 20 (1 — — 1/1) = 
140fF, for gain of —1V/V, ог = 100 + 20 (1 — — 1/100) = 120.2fF, for gain of -100V/V. 


Gain, gate to source, is —g, (rp ll Rp Il RL) = —1 x 107 (50 Il 101 30) x 10° = —6.52V/V. C, = 
1рЕ + 0.5рЕ (1 — —6.52) = 4.76pF, Cy = 0.5 (1 ~ — 1/6.52) = 0.577pF. 

Input pole: fpg = 2r (4.76 x 107?) x (100301 1M Q)) = 0.368MHz. 

Output pole: fpa = 2m x 0.577 x 10772 (50 Il 10 1 30) x 10°) = 42.3MHz. 


Upper 3dB frequency fj; = fpg = 0.37MHz. For К, reduced to zero, the output pole dominates, 
and fyz = Ха = 42.3MHz. Now, for /нз = 0.9 (42.3) = 38MHz, with R, non-zero and for 


1 1 1 1 1 1-1 
^f N e ura ERE пее тас = ——, — = (0.000693 - 
Сш SOW ше 380" 2 * 4233 3808 fe T) 
0.000559)^. Thus f, = 86.4MHz. 
Now f, = 2r (4.76 x10 7)R,), whence R, = VQn (4.76 x 10712) (86.35 x 105) = 


3879 


Using the results of Р7.20 and Equations 7.63 and 7.64, 

Wp, = V Р + Cod (1+ gm Ry’) + Cod (Ris) | К, 
1 1 

~ [10+ 0.5 (1 + 6.52) + 0.5 (6.52 / 90.9)] 90.9 х 10° x 1012. [4.76 + .036] х 90.9 х 10? 

= 2М гад/5, ог 

Cos + Cod (1 + Em Ri’) + Cod (Rp 787) 

=  0.365MHz. о, €———— ——— 

Jot se Cos Cod RL 


4.796 х 107? £n 
= ———————— = 1.47Grad/s, or - 234MHz. f,- 
1 x 107? x 0.5 x 107? x 6.52 x 10° Jor 7: = зл Си 
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7.22 


7.23 


7.24 


7.25 re = 


7.26 


SOLUTIONS: Chapter 47-10 


1 x 10? | | | 
(2x (0.5 х 10712у x 318MHz, for which fu = fpi = 0.365MHz. Now, for Rs = 1kQ, f; 


318MHz fn VOn (4.76 + 0.5 x (6.52/1)) 10x10) =  198MHz fp = 


(4.76 + 3.26) x 107 
a = 392M Hz, for which fy = 19.8MHz. 
27 (1 x 0.5 x 10775 x 6.52 х 10?) шаал : 


Generally, ip = K (Vgs - V > 1 =K (2-1)? = К; gm =2К (vgs – V,) = 2 (1) (2 – 1) 
£n 2 x 10? 2 x 107 
2mA/V. Thus fr = L———— ——. > 10° = L———— ——. Thus С, + C4, = ———=- = 
fT = 7n (Cys + Сы) 2m (Cys + Сы) 27 (10°) 
0.318pF. Now, if Cpa = 0.2 C, = Cy, then 1.2 Cy, = 0.318pF, Cy, = 0.265pF, Сы = Cup 
0.053pF. Thus Cin = 0.265 + 0.053 (1 — — 3) = 0.477pF. For input source, resistance, 3/g,, 
32 x 10%) =  LSkO, and capacitance = 4 (0.053pF) = 0.212рЕ, 
К | | 
fu” On (0212 x 105 (L5 x 105 = 500MHz. Problem P7.50 of the Text provides the topol- 


ogy for which this high performance is possible. 


маг Rin мн” К,А " 
"^ IL gain 143 4° Ratika © ^" 7  RyA*10 = 
К,А = 0.95 КА + 9.5, (R/AY(1 — 0.95) = 9.5, whence Ry = 4(9.5)/0.05 = 760kQ! See that Ry 


must be very high, even in such a low-impedance circuit! 


fp = U2n (Cy + Cy) гд). For Ic = 2mA, gm = 2mA/25mV = 80mA/V, rn = gm = 200/80 = 
2.5КО. Now, 12.7 х 10 = 2m (C, + 0.5) x 107? x 2.5 x 103). 


C, = 5.01 -0.5 = 4,51pF, and fr = В, ор = 200 (12.7 х 109) = 2.54GHz. For Ic = 10mA, gm 
= 10/2 x 80 = 400mA/V, гд = 2/10 x 2.5 = 0.5КО, С, = 10/2 x 4.51 = 22.55рЕ, / = 1/(2л 


(22.55 + 0.5) х 1072х 0.5 х 10°) = 13.8MHz. For C, = С, = 0.5pF, M шилж Thus 
C 
0.5 x2 


4s] ^ 0.222mA. That is, fr is maintained at 2.5GHz for currents > 0.22mA or so. 


Іс = 


25 х 107 25.17 1 40 
a = 166.70, = 1667 х 151 = 25.17kQ, Ay =- ———————— 
10? Uude E d M 77 3517 40 + 10 


9.1 Il 10 1 500 1545 | 493x 10° — _ _ 
E тын 2 2s 3s4s * тесу - = 0607 x 25.6 = -17.95 = -18V/V. Now, C, + Cy 


iE RA RE. X n—— 
8m 151 166.7 
= ———————— = 0.948pF, C, = 0.948 —0.30 = 0.648pF. 
2n fr 2n x 10? | аан К 
Input Pole: Cr = 0.648 + 0.3 (1 — —25.6) = 8.63рЕ, Rr = 25.17К О ll 40КО 110КО + 50 


6.12kQ, 
1 


fri = 2 х 863 х 1077 x 6.12 х 10? 
Output Pole: Cr = 0.3pF, Rr  9.1kQ 1 1060 1 50060 = 4.93kQ, 


1 
fo = 7 x 03 х 10-12 х 4,93 х 10° 


The upper 3dB frequency is fy = 3.0MHz. 


= 3.00MHz. 


For R = 350 in series with Cg, using data from P7.25 above, the total equivalent emitter resis- 
tance becomes 166.7 + 35011 8.2k = (0.167+0.336) КО = 0.503КО, and at the base, 


Rin =40kQ (151 (0.503kQ)) = 40175.95 = 262КО. Thus Ay = 262 


(911101500К0 262, 472 —. 2624 10 
= —— = ‚1724 38 = —6.7 ЭР 
0.503kQ л Цол шил 9V/V 
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SOLUTIONS: Chapter 97-11 


Now, from P7.25: C, = 0.65pF, Cy = 0.3pF. 
Input Pole: Ст = 0.65 (1 — (0.336/0.503)) + 0.3 (1 — –9.38) = 0.216 + 3.114 = 3.33рЕ, 
1 
Rr = 26.2kQ ll 10КО = 7.24kQ, = = 6.60MHz. 
4 Jot = 7д х 333 х 10 х 724 х 103 í 
Output Pole: As before, fp2 = 108MHz. Thus f,; dominates, and fy = 6.6MHz. 


The output pulse is positive with amplitude = 50 (50 x 107) = 2.5V and duration of 50us. Its 


2.2 2.2 AV ty 
= ——— = ns. It d =o = — m 
2m fa тубу ns. Its sag (or droop) "m 20 fL ty 


= 2n х 50 x 50 x 10° = 0.0157, or 1.6%. 


transition times are 


SECTION 7.5: THE COMMON-BASE, COMMON-GATE AND 


7.28 


7.29 


CASCODE CONFIGURATIONS 


150 1 
re = 2510.2 = 1250, fr = P X CAEN] inch ЗОВ „бе XCTI -0.3 = 126—3 
сое м тект к ЛАШ gg) МК, T 
= (993) шэн x pe = 20.65V/V = 207VN. fy о. 
! 3GHz. у 


2n (.96 х 1077) (.125 1 8.2 1.100) x 10? 2x C, (Rc 1 Ry, гд) 


—— y -1126MHz. Thus fy = 113MHz, with Ay = 20.7V/V. 
2, (0.3 x 10712) (4.71 x 107) 


150 T 1 
or, 151 167 
= = 5 = C, = —— - Cy = ————É— -03 = 0.946 - 

Ig = 0.15mA, r, = 25/0.15 = 1679. Thus C, In fy " am 109 | 
0.3 = 0.65pF. 
At the input. Cr - C4 * C, (1 — — 1) = 0.65 + 03 (2) = 1.5 Е, 
Rr = 15kQ 1 10KQ 1l (151(167)) = 151 101 25.2 = 4.85kQ, 
fpi l = 26.3MHz. 


- 2x (4.85 х 103) (1.25 х 10-7) | 
At the emitter of Qo: Cr = Cr + Cy (1 ~~ 1/1) = 0.63 + 2 (0.3) = 1.25pF, Ку = 1670, 
1 
9 5-а 953MHz. 
fp (167) (1.25 x 10772) 
At the collector: Cr = Су = 0.3pF, Rr = 9.1kQ ll. 10kQ = 4.76kQ. 


A 
1 1 1 1 
—— Л МИР Ч ыг о + " 
fos = "у 4/6 x 10 х 03 х 10-12 Pu 2633 1112 9532 | 
25.6MHz. 
2 
Tm s 21551151 x 167) 150 9.1kQ Il 10kQ. 
Би gar M ~ 15k | (151 x 167) + 10k EET 0.167k Q. 
15 125.2 150 91110 9.40 150 4.76 
22 125.2 | 150 MN cic Oh 2 АБУ. 
151252 4 10. ^ | 151 | 0.167 19.40 151 0.167 
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SOLUTIONS: Chapter #7—12 


SECTION 7.6: F REQUEN CY RESPONSE OF THE EMITTER AND 


SOURCE FOLLOWERS 
Vr 25mV 150 1 
7.30 = — = ————— = = — X — = Í. = = : 
30 r, Го 9 1524 167Q, g,, THES 5.95mA/V, гї = 151 (167) = 252kQ, C, 

150 1 
151 167 

—— -0.3 = 0.947 —3 = 0.65pF. 
2n х 10? ibo 

Зи 8.2 Il 10 151 (0.167--8.21 10) _ 4.5 151 (4.667) 


= &2110-0.167 ^ 151(0.167 4 82110) +10 ^ 4,667 "^ 151 (4.667) 4 10 


0.963V/V. 
For fy: Cr = Cy + С, (1 — (4.5/4.667)) = 0.3 + 0.65 (1 — 0.964) = 0.323pF, 
Кт = 10КО 11 (151 (0.167 + 8.2 1 10)kQ2) = 10 КО Il 705КО = 9.86kQ, 

| : 


y" m, —9Ó858. 0 0 02 E38 
fu Ји = X Сове x 10? x 0.323 x 10:12 


For fı: Co, = ШЕ, Rei = 10kQ + 82kQ ll (167 + DAL ) = 10kQ + 8.2kQ Il .233kQ. 
10.23kQ, fe = ————————————————. = 15.6Hz. 
fı 2n x 1 x 107 x 10.23 x 10? 
1040 
7.31 г. = Ven = 1kQ, Am = (10-41) КО. = 0.909V/V. | 
| D 
For fy: Ст=1+ T+1x10 = 1.09pF, Rr = 100kQ, fu = 


1.46MHz. 


SECTION 7.7: THE COMMON-COLLECTOR-COMMON-EMITTER 
CASCADE 


7.32 Since Vpg = 0.70V, Ig = 0.70/70kKQ = 10HA. Thus ЈЕ) = 160 — 10 = 150A, г, = 


Vr 
15004 — 


2n х 10) х 109 x 1012 


1670, gm2 = 129. x —- = 5.95тА/У, гуд = 151 (167) = 252kQ, Ig; = 120 = pA. Now Igi 


151 107 V 151 
= 1 + 10 = 11pA,7,; = TR = 2.27КО, ray = 151 (2.27) = 343kQ. 
-3 
For Q; Cr = 2 -0.3 = 0.65pF. For Q;: С; = O3pF. For Ay: А, = 
n 


ТОКО 1 25.2k€2 = 18.5kQ. Ay = 


4.76 X 993 x 18.5 - (20.77) 151 


= 0.167 20.77 < 31364 100 ^ 44 4VIV. 


For fy: At the base of Ох Cr = 0.65 + 03 (1 + 4.76 x 5.95) = 9.45pF, Ry 
2)-70125212932 1851293 = 253КО, fpi 


70k&21 25.250 1 (2.27kQ + 


1 
Тол MER c qe amodo = 6.66MHz. 
2n х 2.53 х 10° x 9.45 x 10 
1 


At the collect ne VOOM E 
e collector of Qa: 7925 585476 x ий x 03 x 10-2 1 


151 


9.1 Il 10 150 18.5 (18.5 + 2.27) 151 
.167 151 18.5 + 2.37 (18.5 + 2.27) 151 + 100 


At the base of Qi: Cr = 0.3 + 0.3 (1 — (18.5/18.5 + 2.27)) = 0.333рЕ, Rr = 100КО1 (151 
1 


(2.27 + 18.5)) = 100kQ 1 3.1MQ = 96.9kQ, f,3 = а = 4.93MHz. 


| 2x х 96.9 х 10? x .333 х 1072 


1 1 1 
= + + —- | 2396MHBz. 
fu 4.932 6.662 110? 
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SOLUTIONS: Chapter #7—13 


For fj: For Сс Re; = 10k + 9.1k = 19.1kQ, Г = ————— ————————— = 8.33Hz. 
fu E fpi 2n X 1 х 108 x 19.1 x 10? í 


70k 1 (2.27k + 100/151) _ 9167) 70 + 0019 = 186Q 


For Cg: Reg = 167 I 
or СЕ CE ll 70k + 151 


mE 21200 
927 2n x 186 х 10 х 1076 
fL = (8.33? + 85.62)^ = 86Hz. 


= 85.6Hz, and f, = OHz. 


CM E ^W = 50НА, Ig; = 160 — 50 = ПОрА, re2= 22, x: 2219, 8m2 = 
150 1 110 
Ey = 4. А | Iz = = = = Е = 
151 ^ 227 N^ - 343kQ, Ip; = 7 = 0.73, Ig, = 0.73 + 50 = 50.7pA, гд 

= s E 
307 = 493% £u = T37 х uoi = 201mA/V, rg? = 151 (0.493) = 74.5kQ. 

4.38 x 10? 
For Qj Cr = —— ——5- -0.3 = 0.40pF. 
(х Cac Эх р 

For 01: С, = —_201__ —0.3 — Use 0.30pF 

"O7 mxi 7 м 

| | 4.76 9.94 
: . БЭ О 5 О, c PS 9 X 
ae 0 aa Е | pe Am 0227 * UU S54 + 0.493 
болу ло Чур 4 _18ЛМ/У. | 

(104) 151 + 100 = 0227 < 773 104. 16704 м 


For fg: At the base of Qo: Cr = 040 + 03 (1 + 476 х 438) = 695pF, Rr 
14 1 34.3 || (0.493 + с) = 14 11343 Il 1.16 = 9.94 II 1.16 = 0.963kQ, 


1 
Шин 27 х 0.963 x 10? х 6.95 х 10:72 
At the base of О|: 


Cr = 0.3 + 0.3 (1 - 


= 23.8MHz. Also f,2 = 111MHz. 


9.94 
9940493) ° шиг Rr = 1001 (151 (0.493 + 9.94)) 


100K X2 Il 1.58M О = 94.0kQ, f, 3 = === à 5.39MHz. 
2n x 94.0 x 10" x 0.314 x 10 


-⁄ 


1 = 5.26 x 10°Hz. 


Thies cec 
ws fy pn 23.8? 


(493k + 2, ll 14k 


For fj; fpi = 8.33Hz. Now, For Cg: Rcg =.227К M 14 + ———————— = 0.234КО, 


151 
1 2 WY, 
el... = 680Hz. Thus f, = (682 + 8.332)” = 68.5Hz. 
79255 СУ х 234 х 10 х 10% fi =( 


b) For R = œ: Ir = 0, [Ез = 160НА, rez. = d = 0.156kQ, 8m2 = = х um = 6.37mA/V, 


-3 
ray = 151 (0.156) = 23.6kQ, 15; = Ie = 1.07НА, Ig, = 1.07НА, г = inrer = 23,4kQ, 
6.37 х 103 | 


rg; = 151 (23.4) = 3.5MQ. For 0): С» = -у--03х10:2-0,714рЁ, For Qi: Сы = 
2n х 10 
0.3pF. 


For Ам: Rin2 = Гр) = 23.6КО, Ам = 


_ 476 231 7097 _ 
= 0156 (999 X 470 * 7107 


-4.76 23.6 (23.6 + 23.4) 151 
X U. AX ences m A чс ыныр сынашы Бы тысынын ыны 
0.156 ed 23.6 + 23.4 (23.6 + 23.4) 151 + 100 


-15.0У/Ү. 
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SOLUTIONS: Chapter 47-14 


For fu: At the base of Qo: Cr = 0.714 + 0.3 (1 + 6.37 x 4.76) = 10.1pF, Rr = 23.6 1 (23.4 + 
100/151) = 11.92kQ, fpı = 1/(27 x 11.92 x 10° x 10.1 x 107?) = 1.32MHz, f; = 111MHz. 


At the base of Qi: Cr =03+03(1- XI D = 0449рБ, Rr = 100КО:1 (151 (23.6 + 
234), = 99kQ, f, = пх 99 х 10? х 0.449 х 10-12) =  3.58MHz. Thus 
l 
5 + LL |-и = L24MHz. 
fn | 1322 “35 .| v сонс 


For fg: fj; = 8.33Hz. Now For Cg: Rcg = 0.156 + (23.4 + (100151)) 


х 315 х 10x 1079) = 50.5Hz. Thus f; = (50.5? + 8.332)" = 51.2Hz. 
Summary (also using P7.32) 


m 


14 68.5 5.26 
70 86.0 3.96 
оо 51.2 1.24 


= 0.315kQ, f,; = Ил 


See that R is important in improving pain and bandwidth. The worst idea is to use R = оо. 
Perhaps a good design would be at R = * 14 x 70 = 31kQ. (You can check this for interest). 


SECTION 7.8: FREQUENCY RESPONSE OF THE DIFFERENTIAL 


AMPLIFIER 


7.34 Бог each, Ig = 300/2 = 150pA, Tig 166.70, р = 150/151 х 1/166.7 = 5.96mA/V, r4 = 166.7 х 


1.35 


7.36 


151 2252kQ, Cp = 22055197 оз x 10°? = 0.65pF. 
27 х 10 
150 
uod | 
Morin c 5 х —2 05:2) _ .1,05V/V. For fy: (From Eq.7.96) 
о, 2(01667 10420352) °, 
| | | 


-9 
21 c 1 25.2) x 103(0.65 + 0.3 (1 + 5.96 x 4 II C) x1932 20 (4.172) 492 x 10 
7.15MHz. 


As in P7.34: re = 166.70, gu = 5.96mA/V, rp = 25.2КО, С, = 0.65pF, C, = 0.3pF. 
_ 150 (4110) 


For К, connected to the collector of the input transistor: Gain = 151 2 (0.1667) 


2 (0.1667) 151 150 (2.86). 50.3 
ee OX ——— ш 72V. 
2 (0.1667) 151+ 10 151 0.333 603 4 
Gain from base to collector of the input transistor = — = a = —8.53V/V, (from which base 


there is a Miller-multiplied С, and a voltage divider with two С, in series). Thus, Ст = 0.65/2 + 
0.3 (1 — —8.53) = 3.18pF. Rr = 10kQ Il (2 (0.1667) 151 = 1040 Il 50.3КО = 8.34kQ, fy = 1/(2т 
х 8.34 x 10? x 3.18 х 107?) = 6MHz. | 

For R, connected to the collector of the grounded-base amplifier: Gain = +7.12V/V. Gain from 
base to collector of the input transistor is — (150/151) (4)/0.333 = —11.92V/V. At the input base 
Cr = 0.65/2 + 0.3 (1 — —11.92) = 420pF, Rr = 8:34КО, fy = l/Qn x 834 x10? x 4.2 x 1072) = 
4.54MHz. 


Parameters as in P7.35: Gain = +7.12V/V, Ст = 0.65/2 + 0.3 = 0.625pF, Rr = 8.34kQ, fpi = 
1/(2m х 8.34 x 10? x 0.625 х 1072) = 30.5MHz. Now check the output pole, where Cr = 0.3pF, 
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7.39 


7.40 


7.41 


SOLUTIONS: Chapter #7—15 


Rr =4k 1 10k = 2.857kQ, fp} = 1/0л x 2.857 х 10 x0.3x 1077) = 186MHz. Thus, 
fu = 0130.5 + 186) = 262 


From P7.36, re = 166.72, gm = 5.96mA/V, гд = 25.2КО, C4 = 0.65рЕ, C, = 0.3pF. With r, 


15 
чег 104+ 4) 1 10] 


added in each emitter lead, and load taken differentially, Ау = — —4(01667 08 x 
4 (25.2) 4.44 х 0.993 100.8 | 

—————— € X ——— 6.02 V/V. 

10 + 4 (25.2) 4 (0.1667) 110.8 2d 

At each input, gain from base to collector of Q; = + x махат. -6.68УГЧ, that is Cr = 


0.65/2 + 0.3 (1 — —6.68) = 2.63pF, Rr = (10/2) Il (2(25.2)) = 4.55kQ, 
and fy = 1/(2л х 4.55 х 10 x 2.63 х 1077) = 13.3MHz. 


For the current source, r, = 200V/300HA = 667КО, Ст = 0.3 + 0.5 = 0.8рЕ. Thus V,,, 


4 x 10 x = me 
х 5У = 14.9 mV. For 1V peak on the load ends, 27 


2 х 667 х 107 C 
10КО, and f = 1/(2n(0.8) x 107? x 10 x 10°) = 20MHz. 
For saturation: Quiescent collector voltage = Vcc — 1/2 (4k) = 10 20.15 x 4 = 9.44V. For 5V 
peak on the bases, saturation begins for a collector voltage of 5.0V, for which the peak load signal 
is 9.4 — 5V = 4.4V. This occurs at a frequency of (4.4/1) x 20 = 88MHz. 


x 5V = 1V > Zc 


Here, Ig = 150A , г, = 25 х 107150 х 1079) = 166.79, 
_ (150151) x (1166.7) 


C, : — 0.3 = 0.65pF, 
2д х 10 
(150151)2.7 х 10? 2х1667х 151. 2.68x10 50.3 
AA LOS ООШ IE. ы a 4010 
ш 2(166.7) 2 х 166.7 х 151 + 10 х 10? 333.3 60.3 


For fy: Cr = 0.652 + 0.3 = 0.625pF, 
Rr = [0 х 166.7)151] Il (10 x 107) = (50.3 Il 10)10? = 8.340. 

Now, fy = 2л x 8.34 x 10? x 0.625 x 107?) = 30.5 MHz. 

Note that the gain-bandwidth product GB = 6.71 х 30.5 x 10° = 204.6MHz 


Ig = 150pA, r; = (25 х 107y(150 х 1079) = 166.70, Add rg = г, = 166.70 to double the input 
150 
2.7 x 10 x —— 


1504151 х 1/166.7 151 
: : козше age F = 0.65рЕ, Ам = ———————À——— X 
resistance. Now, C, on x 10° | нан 0.65р M 4 (166.7) 
4 x 166.7 x 151 2.68 х 10: 100.7К 
= X ——— = 3.66У/У\. 
4 х 1667 x 151 + 10 x 10° 667 110.7k €) 


For fy: Ст = 0.65/4 + 0.3 = 0.4625pF, Rr = (4 (166.7) (151)) Il 10k = 100.7k 1 10k = 9.10kQ, 
fu = ПОп x 9.10 x 10? x 0.4625 x 107?) = 37.8MHz. 


Note here that GB = 3.66 x 37.8 = 138.3 MHz. Notice that this is considerably smaller than GB 
in P7.39 above. Why? [Hint: Although one might expect feedback through rg would allow gain 
and bandwidth to be exchanged (see Section 2.7 of the Text), we note here that Ср, which dom- 
inates, is outside of the feedback loop.]. 


From Eq. 5.115, fr = ё,/23(С, + Cya)) = 1 х 107%2л(200 4-20)1075) = 723 MHz. 
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7.42 


7.43 


SOLUTIONS: Chapter #7—16 


The midband gain Ay = + RoA Vem + Vem) = +5 х 109(2(1х 103) = 2.5 V/V. 
At the input: Cr = C,/2 + С.а = 2002 + 20 = 120fF, and Кт = 10 КО, for which, 
fein = VQn x 10* x 120 x 10755) = 132.6MHz 


At the output: Ст = Са + Cag = 100 + 20 = 120fF, and Rr= 5 КО, for which 
/ рош = 2T x 5 х 10 x 120 x 107) = 265 MHz. 


Overall, f sup = (132.6? + 265-2)“ = 118.6 MHz. 


For all transistors, re = Ур = 25 х 1075150 x 10%) = 166.60, ог 0.16k Q, and 

£n = Pre = (BB + 1yr, = ovr, = (150151)166.7 = 5.96mA/V. Since fr = g,/Qn(C, + Cy), 
Cy + Cy = 5.96 x 10727 х 10?) = 0.949pF , and C, = 0.949 — 0.3 = 0.649рЕ. 

For the gain: 

Now, for differential signals, consider half-circuits: Input resistance at the base is 
(B + 1)(re + re) = 151(2)(0.16)10? = 50.3kQ 

0,2 _ T 50.3 „ (150151)2.7 х 10° 
v,/2 10 + 50.3 2(0.166 x 10°) 
For the cutoff frequency: | 

At the input, Cr = C,/2 + Cy = 0.6492 + 0.3 = 0.625рЕ, and Кт = 10kQ Il 50.3kQ = 8.34k Q. 
Thus, fpi, = Ил x 8.34 x 10° x 0.625 х 1072) = 30.5MHz. 

At the output: Cr = Cy = 0.3pF, and Rp = 2.7kQ. 

Thus, /рош = 2T X 2.7 x 10° x 0.3 х 107172) = 196.5MHz. 

Overall, Ѓ зав = (30.5? + 196.5:2) 7 = 30.61 MHz 


= 0.834 x 8.05 = 6.71 V/V. 


Thus, the gain 


Comparing this with the solution of P7.42 above, the emitter resistances remain at 0.16 kQ, but 
Ет = Or, reduces g,, to (50510.16 = 5.88mA/V (while g,,, stays at 5.96 mA/V. 


For this reason and the change in f7 of the pnp, 
(Cy + Cy)p = 5.88 х 107?Qxn x 0.3 x 10?) = 3.12pF. 
Thus Cg, = 3.12 – 1 = 2.12рЕ. 

50.3, (505127 x 10° 
10 + 503 2(0.16х 10°) 
For the cutoff frequency: 


At the input: Cr = (0.649 + 2.12) + 0.3 = (10.649 + 12.12) + 0.3 = 0.797pF (where " ~ " indi- 
cates a series connection}, and Rr = 10K € 1 50.369 = 8.34k Q, 


whence f pin = 1/(25(3.34)107 x 0.797 x 10:12) = 23.9MHz. 
At the output: Cr = Cy = 1рЕ, and Кт = 2.7kQ. 

Thus, f pour = М2т х 2.7 x 10° x 1 x 10:12) = 58.9MHz 
Overall, f зав = (23.9? + 58.9 7^ = 22.1 MHz. 


Notice, in comparsion with the results of P7.42, that the details of the specifications of the pnp are 
quite important! 


For the gain: VA; = = 0.834 x 0.794 = 6.63 V/V. 
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Chapter 8 


FEEDBACK 


SECTION 8.1: THE GENERAL FEEDBACK STRUCTURE 


8.1 


8.2 


From Fig. 8.1, see x; =x, — ху = 1.00 — 0.99 = 0.01V. Thus A = xx; = 3.00/.01 = 300V/V. Thus 
В = xx, = 0.99/3.0 = 0.33V/V. The open-loop gain is A = 300V/V. The amount of feedback is (1 + 
AB) = 1 + 300 (33) = 100. The closed-loop gain is Ay = xy, = А/(1 + A B), where, directly, Ау = 
3.0/1.00 = 3.0V/V, and, indirectly, is 300/(1 + 300 (.33)) = 300/100 = 3.0V/V. For“the В network 
disconnected, V; = v,, and v, tends toward А v, = 300 (1.0) = 300V. This value would not be meas- 
ured, since much before it is reached, the output would typically limit (or saturate). 


See from А, = AX1 +A B), that 8 = 10?/(1 + 10? В), or 1 + 10? B = 102/8, whence В = (102/8 — 1y10? = 


0.115. Now B = Ry(G | + R3) = 0.115, or (Ry + АУК = 1/0.115 = 8.696 = 1 + К. Thus RZR, = 
8.696 — 1 = 7.696. Amount of feedback is 1 + A В = АЛА, = 102/8 = 12.5V/V. = 20logy 12.5 = 2248. 
For V, = 0.125V, V, = А; V; = 8 (.125) = IV, V; =B V, 1 X .115 = O.115V, V; = V/A = 1/10? = 
0.01V, or V; = V, — V; = 0.125 — 0.115 = 0.01V, as expected. For A increasing Бу 100%, A becomes 
2(102) = 200, and А; = AK1 + A B) becomes 200/(1 + 200 (0.115)) = 8.33, rather than the former value 
of 8. That is, A, increases by (8.33 — 8)/8 x 100 = 4.1246. 


SECTION 8.2: SOME PROPERTIES OF NEGATIVE FEEDBACK 


8.3 


8.4 


8.5 


8.6 


For the original design, A; = AX1 +A B) = 10?/(1 + 10° x 1072) = 90.9. For the fabricated design, A f= 
0.5 х 10°/(1 + 0.5 x 10? x 1072) = 83.3 results. Now, the desensitivity factor, 1 + A D, as designed, was 
1 + 10? x 102 = 11, and, as fabricated, is 1 + 0.5 (107) (1072) = 6. Thus for (small) changes around the 
original design, one would expect the original 5090 reduction in A to result in a 50/11 = 4.5% reduction 
in Ay. Using the changed desensitivity factor, a 50/6 = 8.33% change would be expected. Now, concep- 


А 
шайу (for small changes), the sensitivity, эг - її - E = .091 = —20.8dB. 
9 А,/А A А,/А - 
Abu бшшш К оО Me uua d 0167: 1651 ага ШИ 


д A/A AAA (10 – 0.5 (103)у103 5001000 
manufactured closed-loop gain is (as calculated above) 83.3. 


We know that A B = 89, and А; = AK1 + AD). Thus, ideally, 99 = A/(1 + 89), for which A = 99 (90) = 
8910, and B = 89/8910. After a time, A; = 98 = A/(1 + A (89/8910)), or A = 98 + 98 (A) (89)/8910 = 
98 + .9789A. А = 98/(1 -0.9789) = 4645, lower by more than a factor of 2. Check: 


2L A0) = 98.000. Thus gain A has reduced by (8910 — 4645)/8910 х 100 = 47.9%. 


i m 1 + 4645 (89/8910) 


For the closed loop, 1 + AB = A/Ay = 10710? = 100, and B = (100 — 1)/10* = 99 x 10 *. Thus the 
closed-loop 3dB frequency is (10*) 100 = 10 °Hz. For the basic amplifier, GB = 10* x 10* = 10°Hz. 
For the feedback arrangement, СВ = 100 x 10? = 105Hz, the same! (as expected!) 


For f 44g of A reduced to 2 x 10°Hz, the 3dB closed-loop frequency reduces to 2 x 10° x 10? = 2 x 
10°Hz. On the surface, it appears that the desensitivity idea is not working, since the percentage change 
of the open-loop and closed-loop 3dB frequencies are the same. For the original amplifier at 10¢Hz, the 
open-loop gain is down by 3dB, to 1071.414 = 0.707 x 10^, a percentage reduction of about 30%. 
Correspondingly, the percentage reduction in closed-loop gain = 30/1 + A B = 30/100 = 0.3%, from 100 
to 100 (1 — .3/100) = 99.7. For the manufactured amplifier, for which /зав = 2 x 10°Hz, the gain at 
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Am 103 103 


10*Hz is Ay = =- So оу eee = eS 0196. х 10“. М 
"P+ Fae — 0000x105) ^ (1 +25# gw 
0.196 x 10 
А = —————— AX —————— = : : 1 . . 
ТУА) 14.196 x 10° (99 x 1075) 96.06. This corresponds to a drop of about 496 in gain 


for a change of f34g (from 10*Hz to 2 x 10?Hz) of 80% in frequency, an improvement of about 20 
times. Note that at 10*Hz, (1 + AB) is 26, correspondingly. Thus the desensitivity factor is still at work, 
maintaining the gain for frequencies above the cutoff. 


8.7 With a low-noise preamplifier of gain A», S/N = (V/V,) Аз. For an improvement of 40dB, А, = 104020 
= 100V/V. New S/N = —3dB + 40dB = 37dB. 


8.8 vo — уйт, 1М) 


V | 
slope = OV/V 
0.5 slope = 91V/V 
slope = SOV/V 
0.1 (1.1mV, 0.1V) 
vs 


10 
mV 


20' 


3 | 
—9——— -909V/V. Now for o, = ОЛУ, v, = 0.1/90.9 = 
1 + 10? (01) , 
1.1mV, and v; = 0.1/103 = 0.1mV. For 0.1 « v, < 1.0, and А = 10°V/V, А, = ——2— — 

1 + 10? (01) 


Now for v, = 1.0V, v, = 1.0/50 = 20mV, and v; = 1.0/10? = 1mV. For v; > ImV, v, limits at ГУ, and 
A = 0, for which А, = 0, as well. 


For v, < ОЛУ, and A = 10? V/V, А; = 
= 50V/V. 


SECTION 8.3: THE FOUR BASIC FEEDBACK TOPOLOGIES 
8.9 For the circuits shown, the feedback type is: 


| go DH. МК 1 
(a  Shunt-Shunt: В = p eec 
i j 1; I, МК r 
(b  Shunt-SeriesK: Now, assuming Кз >> r, В = — = - — = – —. 
lo lo К, 
(c) Series-Shunt: B = Е: NR х Vo Ri 
(V Ry +R, V ORY +R’ 
T : Vy ЖК, Lr rR, 
(d)  Series-Series Now, assuming (Ку + R2) >> г, В = ЖЕШ Rak х T = ETE 
— I E 
For (b), assuming R5 = r, Ip = В yy х I,,and B = A _ =. 
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SOLUTIONS: Chapter #8—3 


For (d) i (R, R3) V, = (r || (Ri + Ro) I 2115 d 
О ; assumin zr, = (r = == , 
E 1 2 r 1 2 о r+R,+R o an 
К, 
В = Vr _ Rit № _ К, r(Ri + R5 T I, r R; 
еЗ A “ВүФй , r+R, +R. 1, r+R +R’ 


Assuming gm is very high, the basic gain А is high, and г; = Vgm = 0. 
(a) Series-Series: ©, =r i,, and D = vi, =r. 

(b  Shunt-Shunt: i; = —v,/Rp, and В = ij/o, = -VRr. 

(c) Series-Shunt: v, = v,, and B = 0/40, = 1. 

(d)  Series-Series: vy =i, r, and В = vi, =r. 


Here, V; = V; - Vy = 1V - ОЛУ = 09V. Thus A = L/V; = 2A/0.9V = 2.22A/V = 2.228, and В = VI, 
= 0.1У/2А = .05V/A = .05Q = 50mXQ. 


SECTION 8.4: THE SERIES-SHUNT FEEDBACK AMPLIFIER 


8.12 


8.13 


8.14 


For the В network, B = 2/2 + 18) = 0.1, as suggested. Also, Ry; = 2kQ || 18« Q = 1.8kQ, and R5; = 
2kQ + 18kQ = 20kQ. For the A circuit, there are losses at the input and output. For a zero impedance 
source and no load: Thus | 


Ria К, WR 10 оо 1 20 
Dm e E. ЛЭ d era == ши 100 ee STV 
Ria + Rs + К ^" Ri W Ra + Roa 10+0+1.8 оо 11 20 + .01 an 


Now for А = 84.7V/V, В = ОЛУГУ, AB = 84.7 x 0.1 = 8.47, and 1 + AB = 9.47. Thus Ay = АД1 + AB) 
= 100/9.47 = 10.6V/V. 


Now, R; = Rs + Rig + Ry = 0 + 10КО + 1.8kQ = 11.8kQ, and R, = R; ЇЇ Roa || Rz; = ee Il 10Q ll 20kQ. 
= 100. Thus with feedback, Ri =R; (1 + AB) = 11.8 (9.47) = 11.2kQ, and, К, = RAI + AB) = 


10/9.47 = 1.06Q. For a 0.1V rms, 10kQ source апа 100Q load, Vous = 0.1 х х 10.6 х 
100/(100 + 1/.06) = 0.963V rms. | 


10 + 112 


For the feedback network: B = 10/(1290 + 10) = 0.05У/У, Ry, = 10КО ЇЇ 190kQ = 9.5kO, and R = 
10kQ + 190kQ = 200kQ. 


For the A circuit: А = ша X A, X E NM з -- х 900 х 
Кы + Rs + Rii i Ry W R25 + Roa 20 + 10 + 9.5 
1 1 200 | 
——————- = 221] А = Ria + Ку + К = 20 10. 5 = — 39. kQ 
1120041 27V/V К; = Ria 5 11 + + 9 9.5 
R, = Кы WR, Il Ra = LI 1 200 = 0.499kQ. 
Overall, A; = шаг ИРНЕ а = 18.4V/V, Ritz К; (1+ AD) = 39.5 х 12.35 = 


1-8А 14227х.05 12.35 
488КО, Rof = R1 + AB) = 0.499/12.35 = 40.40. Resistance seen by the source is Кү— К; = 488 — 


10 = 478kQ. Resistance seen by the load is R, 1 (-R,) = 40.4Q 1 (-1kQ) = рр. - 0.0421kQ 


— 0.0404 
= 42.10. Overall gain, V/V, = А; = 18.4V/V. 


For the B circuit (between nodes F and В): B = 100kQ/(1MQ + 100kQ) = 0.0909, Ry; = 100kQ Il 1МО 
= 90.9КО, Rz = 100kQ + IMQ = 1.1MQ. 

For the A circuit (between nodes A, B to F): For Qi, Q2, Ig = 100НА. Thus r, = 25/0.1 = 250Q, rr = 
250 (120 + 1) = 30.25kQ. Thus Rig = 2 (30.25) = 60.5kQ. For Qs, assuming V, = OV, Jg = 2mA, and 
г, = 25/2 = 12.50, with r4 = 12.5 (121) = 1.51kQ. Input resistance to the right at node С is Rie = (120) 
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SOLUTIONS: Chapter 48-4 


[12.5 + 1kQ + 10kQ ll 1.1МО) = 1.32MQ. Now ignoring device r,, the gain from S to F, is 


60.5 120 1.32 x 10* 10kQ Il 11МО 
mul cL лг ul o uL LL КЫ з ш, ш 
100 + 90.9 + 60.5 ^ 121 250 + 250 < 1OkQN1.IMQ+ IkQ +1250 9 ^ = HBW, 


with R; = (100 + 90.9 + 60.5)kQ = 251.4kQ, and R, = 10kQ Il 1.1MQ Il (Ко, + 1kQ). Now, since r, of 
the devices has been ignored, the resistance driving node C is infinite, and thus the output resistance at 
the emitter of Qs is also infinite (however strange that may be!) {Note that if У, = 200V, 


= 2MQ, and r, = 1MQ, and Rgs = 109/121 = 8.3kQ, which with 1kQ, will 


reduce R, by about a factor of 2, not a large effect}. Ignoring the latter effect, №, = 10kQ || 1.1MQ = 
Vo 

9.91kQ. Now, А = 1143V/V, р = 0.0909, AB = 1039 and 1 + AB = 104.9. Thus, — = 0 = 
$ 


Y = 10.9 V/V. Now, Кү= R; (1 + AB) = (251.4kQ) (103.9) = 26.1MQ, and R, = Rig К; = 26.1 
- 1 = 26MQ. Now, Ry = К„/(1 + AB) = 9.91kQ/103.9 = 95.40, and Row = Ror ll (-8,) = 95.4 II ( 


-10КО) = 96.30. For source resistance and load resistance considered separately in the reduction of 
Vos to %, the required Rs = 26MQ and the required R; = 96.30. Clearly in practice, reduction of gain 
through loading will predominate. 


Assume "v, 20 and that current splits equally between Qj, Q4. Now for Qi, Q5, Оз Qa, ip = 
(2004AY2 = 100A = K (vgs — V,)*. Thus, vgs — 1 = (100/100)^ = 1, vgs = 2V, 8m1 = 2K (ugs — Vj) 
= 2 (100 x 10) (2 — 1) = 200uA/V, ro; = Vap = 20/100 х 1056 = 200kQ. | 

For Qs, ip = 200A, (ugs — 1) = (200/100)^ = 1.414, vgs = 2.414V, gm5 = 2 (100 x 10%) (1.414) = 
2824 A/V, rəs = 20У/200ЦА = 100kQ. For the D circuit, B = 1.0, Ry; = 00, К = es. For the A circuit, 


К, = К; + К, + = IMQ+0+0=0, Ж, = ros l —— = 10° S = 100kQ 1 3.55kQ = 


2 (rog lr r 
336kQ, A = (roll ro) 65 _ 2(20802) _ 100kQ НЭЭН 


Vemi+ Vena root Ves 2 (0200 х 1079)  100kQ + 3.55609. 


AB = 19.3 x 1 = 193, and 1 + AD = 203. Thus A; = ТАЗ" = 19.3/20.3 = 0.951V/V = v^, 


Rof = Ry + A B) = 3.36/20.3 = 166Q, that is Roy = 1660. Now Кү = оо (20.3) = оо, that is Rin = œQ. 

Now for 1kQ load, the overall gain, 0,/0; = 169/166 + 1kQ) x .951 = 0.816V/V. 

Concerning offset: For V, = OV, Vgs = 2.41V, Үсә = 5 – 2 = 3V, Vs; = Vs2 = 0 — 2 = -2V, that is 
3--2 


— 2 Ча = 20050 = 254A, : ын EJ = OWA, in гоз = TN = sod in 

гол = “2000 = 22ДА. Thus, assuming ап ideal mirror, the net current offset at the gate ОГО, is 25 

- 10 + 1295 - 22 = 5.95рА. Input offset to compensate 15 WV,,-—1,/g,. Неге 
„= ——2— = ———2— s LL. = „| = 200НА/У. Thus V,, = 5.95НА/200НА/У = 29.8mV. 


гур 02. Mmi + m2 і 


See that 100A in the drain of Q, forces ip; = 100A. Since J = 200A, thus ip? = 200 — 100 = 
100A. Since ip; = ip2, for v, = 0, then v, = 0, and ig, = О. Thus ірз = 1004A also. Now 1004A = 
100A (Vgs — 1)?, whence ugs = 2V. Also gm = 2K (ugs — V;) = 200дА/У, г; = Vgm = 5kQ, and г, = 
20/100uA = 200kQ. 

For О» seen as part of A, the feedback is a wire for which В = 1, Кү = 00, and R2; = œQ. Now, the A 
circuit consists, at the input, of v, connected via IMQ to the gate of Q; and the gate of Q, grounded 


(through Ry = 00). At the output, RA; only is connected to v,. Thus 
200k О 10k О П 200k Q 
= X ———————— = 38.1V/V, Ri = оо, and R, = гоз ll Ку = 200KQ ll 10KQ = 9.52kQ. 
A= 0+ 5kQ 550 зас захчин Авид Е | 
Thus AB = 38.1 х 1 = 38.1, and 1 + AB = 39.1, and Ar = TTAB = 391 = 0.974V/V, 


Rig = R; (1 + AB) = о, Ку = R1 + AB) = 9.52/39.1 = 2430, that is Row = 243 ll ( -10kQ) = 2490, 
and v,/0, = 0.974V/V. 
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Now for О» seen as part of D, the feedback is a resistor г, = 5kQ, for which В = 1, and Ry, = 5kQ, and 
К үә = оо. Now the A circuit, at the input, includes Ry, = 5kQ to ground from the source of О}, and 
otherwise is as before. Thus A = 38.1V/V, and B = 1, as before, with the same results. 

Now for О» and Оз, both 10 x wider with I = 1.1mA: ip; = 100p A as before, while ip? = ірз = 1mA. 


But K2, Кз are each 1mA/V, and vgs; = Ugs2 = буз as before, but 8,258 из = 10 (200ДА/У) = 
2mA/V, rs = Үйл = 0.5kQ and ғоз 20/1ШшА = 20kQ. Now using the first idea (ie Q part of A), 


200k Q 10k О 1 20k € 
= SkQ 0550 х — oska = 484.8V/V, АВ = 484.8, Ap + 1 = 485.8, К„ = 10kQ Il 20kQ = 
Vo A _ 4848 __ 
6.66kQ. Thus —- =A, = ——~— = 0.998V/V, R,, = 6.66kQ/484.8 = 13.750, Кш = 
ш чыйкан a 0.998V/V, Ray 66КО/484.8 = 13.750, Row 


13.75 1 ( -10kQ) = 13.80. See a great improvement in performance as a unity-gain buffeg. 


Following the idea in P8.16 above, see v, = OV and їр(51ї0451р251р3 = 100ДА, for which 
Emi £m2 = 8m3 = £m4 = 200pA, r; = 5КО, and r, = 200КО for each. Here, consider the A circuit to 
consist of Q; with source grounded through А, and Оз loaded by R2; and Ку. Correspondingly, the B 
circuit consists of Ол and Q4 with л, = r,4 = 5КО, where B = 5/(5 + 5) = 4, Ry, = 5kQ ll 5КО = 2.5kQ, 


108 О 1 10КО 1 200k Q 
R22 = 5kQ + 5kQ = 10kQ. Thus, A = 55042589 ———————— = 26.0V/V. Now, К, 


550 
= 10kQ Il 10kQ Il 200kQ = 4.88кО, AB = 260 х % = 13.0, AB + 1 = 14.0, Aj; = AAAB + 1) = 26/14 = 
1.857У/У, Ror = 4.88kQ/14 = 0.349kQ, Roy = 0.349 Il (-10КО) = 3620. 


SECTION 8.5: THE SERIES-SERIES FEEDBACK AMPLIFIER 


8.18 


8.19 


8.20 


For the A circuit: At the input, Rs, Ria, and Ку are in series such that R; = 10КО + 20kQ + 10kQ = 
40kQ. At the output, Roas RL, and R2, are in series such that R, = 1kQ + 1kQ + 0.2kQ = 2.2КО. 


io Ка А, 20 „ 900 


sey аг = 204. | = 50V/A = 0. | = 
Now A == = 3" x E = 40 Х gaa = 2045mA/V. Now В = SOV/A = 0.05V/mA, and АВ 


204.5 х .05 = 10.23, and AB + 1 = 112, Ay = 204.5/11.2 = 18.3mA/V. Кү = 40КО х 11.2 = 448kQ, 
Rin = Вү— Rs = 448 — 10 = 438kQ, К, = 22kQ х 11.2 = 24.64КО, Row = Ку — R, = 2464 - 1 = 
23.6kQ. 


Using the results of Example 8.2 as much as possible: As before В = V,71,' = 11.92, with /,’ now in 
the emitter of Q4. A = I, W; = 20.51/.99 = 20.7A/V, with J,’ corrected for being in the emitter of Оз. 
К; = 13.65kQ, К, = Кә + R, + Коз. Here R2; = Rp? ll (Re + Кер) = 100 ll (640 + 100) = 88.1Q. Кү 
= 6000, and Коз = r,3 + Кс21|-4 1) = 6.25 + SkQ/101 = 55.89. Thus R, = 88.1 + 600 + 55.8 = 7440. 
Now A = 20.7A/V, B = 11.90, AB = 20.7 х 11.9 = 2463, AB + 1 = 247.3, А; = А/(1+А В) = 20.7/247.3 
= 83.7mA/V. Thus Кү = 13.65 х 247.5 = 3.38МО = К (since Rs = 0), Rog = (744) (247.3) = 184kQ, 
and Roy = 184kQ — 0.6kQ = 183kQ, as seen by RL. 


For О\, Q2, Оз, Q4, ig = (200HA)/2 = 100A for balanced operation. Thus r, = 25mV/0.imA = 
2500, re = 101 (250) = 25.25kQ, and r, = 200V/0.ImA = 2MQ. — | 
For Qs, ig ША. Thus r; = 250, r, = 101 (25) = 2.525kQ and r, = 200V/1mA = 200КО. Now, 
consider the 10kQ at the base of 0» (included to compensate for the dc drop in Rs) to be part of the A 
circuit. Thus the f circuit consists only of the 10Q resistor, and В = v^, = 10Q, for which Кү = 109 
and Ry = = 10Q. 

For the A circuit: For the input series connection, К; = 10kQ + 2(25.25kQ) + 10kQ + 10Q = 70.5kQ, 
and for the output series connection, Ry = Ru + Ry + (re + (IXB + 1)) (ro Il rg2)) ll ros = 10 + 10? + 


2 х 10° 3) _ m fer _ 2 (25. 25kKQ) ___ 
pens 101) л гс NALE V, 2 (25.2509) + 10kQ + 10kQ + 10 
2 n QMQ I 2M Q II (101 (1kQ + 100 + 250) ) ) | 
2. (250) * ТЕО + 100 + 250) 
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= 0.716 x 376.2 x .966 x 10? = 0.260A/V = 260mA/V. 


1, А 0.260 
A D = .260A/V х 10V/A = 2.60, AB + 1 = 3.60, А; = — = —— = ——— = .0722 : 72. : 
р В 1 у = ua 3.60 722АГҮ or 72.2mA/V 
Коу = Ro (1 + AB) = 10.5kQ x 3.6 = 37.8kQ, whence Row = Rof — Кү = 37.8 – 1 = 36.8kQ. Now 


Rip = R; (1 + AB) = 70.5 (3.6) = 254kQ, whence К = Rit — Ку = 254 — 10 = 244kQ. 


SECTION 6.6: THE SHUNT-SHUNT AND SHUNT-SERIES FEEDBACK 


8.21 


8.22 


AMPLIFIER 
; ; Vo Ay Vj 
For the basic amplifier. R,, = p» = TR =A, Ri = 900V/V х 20КО = 18MQ. For the purposes of 
i AN; ^ 

shunt-shunt analysis, convert the input into a current source /$ = У$/10КО with a shunt Rs = 10kQ. 

1, 
For the B circuit: B = SUR =- ES =- —— --107АГУ, Rj, 100КО, and R» = 100kQ. 

V, Ry 100 x 10: 


For the A circuit: The input network consists of 10kQ Il 100КО Il 20КО = 6.25kQ. The gain is Rm = 
18MQ (for input current flowing into the 20kQ input resistor). The output network consists of a series 


resistor of Кы = ЇКО and a shunt load of RyllR, = 100КО1Ї1КО, Now 
Vo” 10k I| 100k : 1k 11 100k 9.09 6 
А = —— = - ———__——__ x 18 x 100 x —————— — VIA = — — —  — x 18 x 106 x 
I; 10k Il 100k + 20k 1k + 1k Il 100k 9.09 + 20 
S g = -2.80 x 10°V/A = —2800V/mA = —2.8У/нА, AB = — 2.8 x 10° x -10> = 28, 1 + AB = 29, 
А, = Vo 2 A _ 28x 108 _ —96.6V/mA. For A, R; = 6.25kQ, Ку = 6.25kQ/29 = 2160, R; 
771, 140А 2 | 2 Ky = 0.20662, Rip = б. = go 


= 216 | (-10kQ) = 2210, К, = 1kQ 1 100КО ЇЇ 1КО = 4980, Rof = 498/29 = 17.160, Roy = 17.16 1 
(-1kQ) = 17.50. 

Now, for a load of 1k/2 = 5000, the gain reduces to 500/(500 + 17.5) х (-96.6V/mA) = —93.3V/mA. 
To compensate at the input, seen as a fixed current source, we require that the source resistance increase 
from 10kQ in order that more of the available input current enters the amplifier. For a source /5, Rs and 


Ra = 2210, we want the same output voltage for the original and new loads. That is, 25 Is X 
| $ 
10kQ PN 
3 = ——————– .6, ог Rs = (221 + Ку) (1.013), ог А; = 221/(—013) --17КО. TI ( 
93.3 2141xg х 200 ог Rs = ( 5) (1.013), ог А; (-.013) 7 ius it is no 


possible for normal input circuits to compensate if Js is fixed. Alternatively, if the input voltage is fixed 
at Vs = Iş (10k€2), then we may lower Rs (from 10kQ) so that the output is the same for the original and 


‚221 93.3 221 96.6 93.3 
| си cuc UE) oue о ану оре гэн 
кылыы Sora Re CO о осоо де 
mue 221 + 10kQ = (221 + Rs) 1.035, whence Rs = 10.221/1.035 —221 = 9.65kQ. 


At low frequencies, with the Ку, R5, R3 loop viewed as defining the voltage at node A, operation is as a 
voltage regulator, with the reference voltage being Ив. Неге, R, acts as a resistive-wire connection to 
the input with a voltage comparison being made across the base-emitter of О. Thus the feedback is of 
the series-shunt variety. As a result of it, VA = 0.7V, Ir2 = 0.7/700 = 1mA = /g5, Vg = 0.7 + 1(1) = 
1.7V, Vc = 1.7 + 0.7 = 24V, Ic, = (5-2.4)/2.7kQ = 1mA, with „ү = r,; = 25mV/ImA = 250, and 
Tey = Рд = 2.5KQ. 

At high frequencies, feedback is of the shunt-series variety, with lọ as output and J, = V,/Rs as input. 


"T : | I, -R3 -1 
For this, the В network consists of Аз and Rs with B= — = ————— = ——— = -0.166А/А, 


Ry = R5 + R3 = 6KQ, Ry = R; ЇЇ Ёз = (5 x 1)/(5 + 1) = 0.833КО. 


The A circuit consists at the input, of Rs Il Ry, ll га = 10kQ || 6КО ll 2.5kQ at the base of Q, fed by J; 
and J,’ emerging from the emitter of Q, and connected to R2; to ground. The output resistance associ- 
ated with J,’ is Ко = rea + RABP+ 1) = 25 + 2.7kO/101 = 51.70. Now, using a current-divider 
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8.23 


8.24 


8.25 


SOLUTIONS: Chapter #8—7 


| | I,’ 10 Il 6 2.7 
h with d А = 0 = шыш сы x 100 х L———————— = 
approach; аш devies p Т, 101716 + 2.5 27+ 101 (025 4833) х 12! 
-3.75/6.25 х 100 х 2.7/89.4 х 101 = —183A/A. That is, AB = —183 x (— 0.166) = 30.5, 1 + AB = 31.5, 
1, —183 , de 1, 4 
г = I, 31.5 =  5.81A/A. Now А; = гд = Ty R; = 5.81/10 = (0.581mA/V. Now 


Ri = Ra I Ry Wray = 10КО Il 6КО [| 2.5kQ = 1.5kQ. Thus, Rig = 1.5kQ/31.5 = 47.60, Ri = 47.6 | 
(—10k&2) = 50Q. Also К, = Кэз Кор = 833.3 + 51.7 = 8850, and Ror = 885 (31.5) = 27.9kQ. This is 
the resistance secen (for example) by a low-resistance load inserted between node B and the emitter of 
Q5. Since V4 is assumed large and ro) = ee, then R,,, is also infinite (independent of the feedback 
detail). But, even if rg? were very low, R,,, would still be extremely high (sce Eq. 6.78 on page 519 of 
the Text), since Roy is quite high. 


For the dc loop, a series-shunt configuration, B = —1.0 (via R,) with Ry, 10КО, and R2; = œQ. For A, 
Ri = гар = 2.5КО, Ry = Ку+ re + 2—2, ог Ry = (7000)КІКО + 250 + 27.95) = 700 1 1051.7 = 


3 +1 101 
4200, and the output of the A circuit consists of a 7000 load. Thus A =— m x 
2.7КО 1 (101 (250 + 1.7k 2)) 700 A 
eX ——— = -43.4V/V. Thus AB = 43.3, AB + 12 44.4, Aj = ———— = 
ER 250 1725 ү рэн В р f= IFAB 


= —0.977V/V. At node A, R, = 4200, Roy = = 9.460. Thus the resistance seen by С» is 


44.4 44.4 


9.460! For a 100uF capacitor, fy = = 168Hz. Note that before your exposure 


| 2, X 9.46 х 100 х 1079 
to the effects of feedback, you may have considered the resistance seen by R3 to be (roughly) 


700 П 1kKQ | 10КО = 0.4kQ, with fy = кии кин = 3.98Hz! 
21: x 0.4 x 1— x 100 x 10 


When C; is removed, we end up with a complex feedback network, consisting of R3, Ro, Ri, Rs in a 
shunt-series feedback loop. Refer to P8.22 above for the basic calculations. For D, Z,” sees two paths to 
1,7, one through R5 and one through Кз. The resistance in, the Кз path is 1КО + 0.7kQ || 10kQ = 


1.654kQ. Ij! m — 1,’ олы нг” х ОБУ ‚ог Ip’ = В = —(2486 + 0492) = 
—0.298A/A and Ry, = ((К5 + R3) 1 Ку) + Ёс = (5 + 1) ll 10 + 7 = 4.45kQ, Ro = 1.654kQ Il 5kQ 
= 1.24КО. Using current ratios directly, A = 75 =- TIT x 100 x 

ITOS х 101 = – 358 х 100 х тү х 101 277122 Now, AB = —115.4 х 
(-298) = 34.4, AB + 1 = 35.4, Ay = L -- ET = 3.35, Ay’ = A = LT = 0.335mA/V. 


Using results from P8.23: For Cy, Кыр = (rm ll R4) (AB + 1) = (2.5kQ Il 10k€2) х 43.4 = 86.8kQ, 
| 1 


Rsource = Rs Rs = 10k 1 5k = 3.33КО, Now, for 1Hz cutoff, С,=-———————у = 
2r х 1 x (3.3 + 86.8) х 10 
1.777LF. For C$ Rr = Rs+ Rs I| Rip = Sk + 10k || 868k = 14kQ. For 10Hz cutoff, 
1 


C5 = 1.14uF. 


~ 2n x10 (14 х 103) 
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8.26 For Fig. Q8.10 d) in P8.10 above, with g,, = 2mA/V, r, = 10kQ, Ку = 100kQ, r = 1kQ, for Ку =R 2 


8.27 


0, find /,/Vs and Roy (facing Кү). This is а series-series feedback circuit, with the output cumenti moni- 


tored by r and a corresponding voltage fed to the source of the transistor. Thus B = ү,7, = (lo! гу" 
= г = 1kQ, for which Ry; = r = 1kQ, and Ry =r = 1kQ. The A circuit is as shown, where: 
А = о Su Vi et es UAM (10/11 + R 
у” у, ro+Rp +r L) 
where R = R; in kQ and К; = ee. 
For Кү = 0, А =2 m = 1.82mA/V. For Ку = 10kQ, 
| 10 10 
A =2 —— = 0. = ‚А = 2 ——— 
TEST 95mA/V. For R; = 100kQ, А = 2 114 100 


,? 


ү 
= 0.09mA/V. Generally, p = 2 =r = 1kQ, Thus AD = 1.82 x 


0 
= 1.82 to 0.95 to 0.09 for К; from 0 to 10kQ to 100kQ respec- 
tively, and 1 + AB = 2.82, to 1.95, to 1.09 correspondingly, with 


1, 
Ay = у = суу = 645mANV for В = 0, ог 222 = АВТШАГ/ 


Vs 2.82 
Гог R} = 10КО, or ЕЕ = .082mA/V for К, = 100kQ. 


10 
2 11+R 1 
See the gain is 3dB down from the 0-ohm value, when ——————— = -—— (.645) = .456. This is of 
2 (10) V2 
] qe. 
m + К, 
| 10 | 10 
=, | | TUN ыы ы ЕН ой ээн ce 
the form 2x 456 + 456 (2x). Thus TEWA 2 (1 — 456) 0.419, for which А; 219 11 


12.85kQ. It is а further 34В down (ie 6dB altogether) at Rg = 31kQ. For the output resistance of A, 


see that since the transistor gate and source are joined through the (floating) signal ош {һе МО$ ош- 


Л" R+31 
TET: ETT 
) = (К +31)kQ. Now the resistance seen by R; is 


put resistance is just rj. Thus А, =R + г tr, = 11+ R. Now1l+AB=1 + 1(——— 


| | R +31 
and Rey = Ry (LE AB) = (11+К) (тєр 


Row = Rof — R = R +31—К = 31kQ (!). The limit on the value of Ку used depends on the degree to 
which transconductance constancy is required, and on the size of output voltage that can be tolerated 
while maintaining linear operation. Certainly for loads from OkQ to 12.9kQ, the transconductance varies 
only by 3dB, and by another 3dB for Ку, up to 31kQ. 


Note the solution of P8.23. See that К; = 10kQ = Ку, + Ry, with a tap at x. Let Ria = М Now at the 


tap, without feedback, the resistance is Ёс, = (Rig + rg1) ll (Rip + R2 HE (Ёз + reo + | )), or Rox = 
(2.5 + К) (10.42 — R) 


(R + 2.5) Il (10 — R + 0.7 Il (1 + 0.05)) = (R + 2.5) Il (10.42 – R) = 1595 . Now, 
9 R, | | 
5 x = 0, when (2.5 + R) (-1) + (10.42 К) 1 = 0, 1042 + 2.5 -2R = 0, or R = 12.92/2 = 6.5kQ, for 
‚‚ Ria | (2.5 -- 6.5) (10.4 — 6.5) Rox 2.72 
——. = 0.65, К, = Aa = 2/2kQ, and R,; = —— —- = = ( 
which —— = 0.65, Rox го | 2.72kQ, and ГРАВ = az = 61.30, with 


һе low-f. 1 10564. For this situation, for 100uF, fy = —————————— ——— = 26Hz. 
the low-irequency loop ciose or this situation, ior HF, fy 2n x 613 x 100 x 10: Z 


For fy = 168Hz, as in P8.23, C3 = 100uF x 26/168 = 15.5рЕ, or 15.5% of the (100p) capacitor 
needed with R, untapped. 
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SECTION 8.7: DETERMINING THE LOOP GAIN 


8.28 


8.30 


At IkHz, AB = ——2. = 63,5 V/V. At 10Hz, AB = — — 
20 x 10 2 х 107 


be direct-coupled, and that the feedback network employs a single capacitor to ground which limits the 
loop gain at higher frequencies by maintaining B lower there. Further, assume that the loop-gain fre- 
quency response around 1kHz is relatively flat, and (separately) that at 10Hz, it falls as frequency rises. 
Since a single-pole response is postulated, it must fall (proportional to 1/f) at 20dB/decade, from 
1550V/V at 10Hz to reach 63.5V/V at 10 x 1550/63.5 = 244Hz. Thus the corner (34В) frequency for the 
feedback network seems to be at 244Hz. Now, as frequency is lowered below 244Hz, B increases and 
A D increases, reaching 1550 at 10Hz and only 2 x 1550 = 3100V/V at 1Hz. Thus there must be an asso- 
ciated pole of B at about 10Hz/2 = 5Hz with the loop gain at dc being about 3100V/V. „Since the loop 
gain А В is 3100 at dc, and 63.5 at 1kHz, while B is frequency-dependent, it is likely that at 1КН2, D is at 
most 63.5/3100 = 0.0205, and it may even be less if feedback is not unity at dc. Now assuming the 


worst case, that is that A is at least 3100: Then at 1kHz, А, = EIS = аа = 48V/V. For thc 

closed loop, the lower 3dB frequency is a 3dB frequency of the B network, occuring in particular where 

B is 3dB high, at which the closed-loop gain is essentially 3dB down (for AB >> 1). For a closed-loop 
1 


pole at 244Hz with C = 1pF, Reg = 73 х 244 х 1 105 = 6500. 
n 


= 1550V/V. Assume the amplifier to 


| R 
At high frequencies, В = zs - 22 = 0.0408V/V, and АВ = 0.0408 (1550) = 63.3V/V. At 
| 2 


very low frequencies, В = 1V/V, and А B = 1 (1550) = 1550V/V. Now В has a zero when the magnitude 
1 


of the reactance of C equals the resistance of К |, for C = = 32.5рЕ. The associ- 


2n x 2 x 10? x 2.45 
ated pole is at fp = —————— ———— = 2 = 0400Hz. See at high frequencies, 


that the gain will be = 24.1V/V, and at low frequencies is essentially 1.00V/V. See 


| 1 + 1550 (.0408) 
that f; is the frequency at which В begins to rise, ie at the frequency at which В has a zero, ie at 2.45Hz, 
ie fj = 2.45Hz. Generally speaking, Ау = | AD = б Thus а pole of the closed-loop response will 
occur at a zero of В. For the capacitor reduced from 32.5uF to 10ДЕ, resistors must be raised by 32.5/10 
= 3.25 times, to R, = 2 (3.25) = 6.5kQ (use 6.8КО), and А, = 47 (3.25) = 152.8kQ (use 150КО). 


Loop gain = 1.2У/10шУ = 120V/V. From the В network, B = E NS = 0.0099. Thus А = 


| 100Q + 10k 22 
120/.0099 = 1.21 x 10*V/V, is the basic op-amp gain. 


IAB (7) 10, A, (71:10. Now А, = бо Assume that at a particular frequency there is no phase 
A 1 


shift in A, but that B =a + jb, and A, =x + jy. ЕТ ED) Pray eres 


зас Ber ae Thus x = шаа y= елы ыш. Now x? + у? = 102, and 
(a + VA) +b сай шар M ta 
42:24:12 c 405 Combing met t 100 = A2(a2+b%), whence 


((а + А)? + b?y 


1+ A? (a? + b?) 
= + ү AT 2 
4 (022552 уто ае еса 


а? +? = ‚ (зау). 


2А? ' 
ES ү 2 2 4 2 
A? (а? + b) = 22-1130. Thus "ы ч = 100, -1£ Y 1 4A? = 200, 1 + 4А? = 
(2017, 4A? = 40400, А? = 10100, А = 100.5. Now A? (a? b?) = 107, а? + Ь2 = шг Thus 
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IBI = (a? + b?)^ = 10/100.5 = .0995. Correspondingly, at this frequency, A = 100.5V/V and IBI = 
0.0995. 


An alternative approach is simply to ignore the possibility of phase shifts in either L or Ау: Directly, 
AB= 10 and А, = 10. Thus, Ar АЛ еше АЛ1-10)- 10, whence А = 110, and 
В = АВА = 10110 = 0.091. 


8.32 In the circuit of Fig. 08.15 іп P8.15 above, open the loop at the gate of Q4 and inject a signal v. Now, 
for Qi, Q2, Оз, Ол, ip = 100p4A, that is ip = K (0с; — У,)?, or 100 = 100 (Vgs — 1)*, whence vgs = 
2V, for which g, = 2K (ugs — V) = 2 (100) (1) = 200рА/, г, = Vg, = 5kQ and r, = 20/1004A = 
200kQ. Also for Qs, 200 = 100 (vgs — V,)?, and (0с; – V,) = 45. = 1.414У, whence g,, = 2 (100) 1.44 
= 282uA/V, rs = Швы = 3.546kQ, and r, = 20/2000A = 100КО. Now, for no load, 


V, 2 (200k Il 200k) 100k A 
А Se ae Se es ase = = с... 
3 : Ёс 2 (58) 1006 43558 20 х 0.966 = 19.3V/V. Since ” 1, Ay = +AB 
== x. 19.3 = 0.951V/V, the same as originally found. Now, for 1kQ load, AB = шиг Үс EM 
100k 11 1k 0.99 4.36 
—————— 220 x ——————— = 436У/У, and with B = 1, A, = — 2 = 0. , 
100k Il 1k + 3.55k 0.99 + 3.55 and with р аге шк ны А ш: 


the earlier calculation yields А, = 0.816V/V. 


SECTION 8.8: THE STABILITY PROBLEM 


8.33 At frequency œ, Ф tan"! oy10? + 2 tan! @›107 = 180°. Now at œ = 10°rad/s: Ф = tan 10042 tan^!1 = 
89.4 + 2 (45) = 179.4". Thus the phase shift is 180° at (slightly above) 10? rad/s. 
3 3 
к» ш ГЕ ТЕТ 
10° (V 2) (* 2) 


2 2 2 
D | 107105 | 1+ | 10710: | D | 10710 | 


Now for D < 1/5, AB < 1/5 x 5 = 1, when Ф = 180 °, with no margins. For a 20dB gain margin, B = 
1/10 x 1/50 = 0.02 or less. For В = 0.02, AB = 1, when A = 50. Now 20 logio 50 = 34dB. Since the 
midband gain is 60dB, the gain drop is 60 — 34 = 26dB, implying a 3dB frequency of 26/20 or 1.3 
decades above 103гай/5, that is at 10° x 1077 = 2 x 10frad/s. 

10? Е 10° 
2 x 10* i 2 x 104 НӨ (20.02) (1.04) 


1+ 
107 107 


which Ф = tan™!20 + 2 tan! 0.2 = 87.14 + 2 (11.3) = 110°, for a phase margin of 70°. 


Check: At 2X 10*rad/s, = 48, for 


1 + 


8-0.2 1т Not to Scale: 
В=2 
110° 45° 
IN 102,0) for @=0 


(0:105 


Naver Re 
СУЛ 
(-1.0) | NI 


(-0.1,0) 
(021 e 


4 
л (22x10 
E - 294 - 
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From P8.33: A = 10°, o, = 10°rad/s, 2 = @p3 = 10°rad/s, Beritical = 0.2. Now AB (0) 

3 
= ————— Now from the solution of P8.33: Know at 10°rad/s, 
| (14709107) (1 + j 10?) (1 + j 910?) | 
АВ |= 5p, | | | 
Ф (A B) = 180°, and at 10°rad/s, | AB| = 0.7 x 10? B, Ф (АВ) = 45°, and at 2 x 10"rad/s, | AP} = 48р, Ф 
(AB) = 110°. The plot is for B = 0.2, 2, and 0.02. Note that for 3 poles, the maximum shift is 270°. 


For В = 1.0, | A [| 21 at œ = 10° x 10° = 10°rad/s, at which the total phase shift is tan"! (109/105) + tan"! 
(107/108) = 90° + 84.3° = 174.3°. Thus, oscillation does not occur, although there is only 5.7" phase 
margin Now for В = 05, A = 2, when АВ = 1, whence A = 


6 
ES 2, for œ just above 107гад/5. At  lO*rad/s, 


2 1 


2 2 
1+ | юл0 | 1+ [ono | 
_ 106 
С 10 (14 D^ 
_ [o 
2 x 10° (1 + 25^ 
8 А _; 2.1 x 105 
10°rad/s, Ф = 90° + tan Tem 


= 25.5°.. Now with an input capacitance, the B network provides a 3rd pole at @,. Oscillation can begin 


6 
= 707. At 3x 10%ad/s, Аз----20----5 1. At 2x 10*rad/s, 
3x10 Oo 3^)" | 


= 224. At 2.1 х 10°rad/s, А = 2.05. Now at 2.1 х 


2.1 x 10° (1 + 2.17)” 
= 90° + 64.5° = 154.5°, for which the phase margin is 180° — 154.5° 


8 8 | 8 
if tan`! М = 25.5°, ог 2110 = 0.477, ог œ% = шс = 4.4 x 10°rad/s. Now for C = 
p Q, 0.477 
1 1 1 "T 
Spf, © = ——, R = — = —————————z454Q. Thus for the D network consisting of two 
P RC OC 44x105 x 5x10? Sete EIN iis 


equal resistors R, R/2 < 454, or R < 9100, To ensure stability, even smaller resistors would be needed, 
say 1000. 


SECTION 8.9: EFFECT OF FEEDBACK ON AMPLIFIER POLES 


| 6 
8.36 The low-frequency amplifier gain, A — 2 = T = 4 x 10°V/V. With feedback, Ay = со = 
— —Ax10 ^ 4000 хөвүүү, fag = f,(1+AB) = 5 х 10? x 501 = 2.5MHz. The unity- 
1+4х 10 х 0.125 501 ` Bd NC i : | 
gain frequency = 2.5 х 7.98 = 19.95MHz, ог 20MHz. Thus the pole is shifted by the amount of the 
feedback factor, that is by about 500 times. 
8.37 From P8.36 above, for A = 4000V/V and fp = 5kHz. To achieve fpf = 10°Hz, the amount of feedback, 
1+АВ = 5 яр = 200. Correspondingly, the loop gain is AB = 199, and the feedback factor, D = 
ХЭЭ? 200 4000 
j = 0. : = 0.09, t *I ——— ЭЭ с E aem 
199/4000 = 0.04975. Use B = 0.05, for which the low-frequency gain is А; ID ES 
19.9V/V. 
104K | 
838 A(s)= For loop closure with a feedback factor D, the poles аге: s = —1/2 


(1 + 5/105) (1 + sX10%K)) 
(0,1 + 0,2) + 1/2 [(Wp1 + 05,2) —4 (1 + A, p) Wp | Wp 5]^ See that the poles are coincident at 5 x 10° 
when 5 х 10° = 1/2 (10° + 10°/K), 10 = 1 + 10/K, or 10/K = 9, K = 10/9 = 1.11. The poles are coin- 
cident when (01 + 0,2) -4 (1 + AB) à; p2 = 0, or (10° + 10%K)* = 4 (1 + AD) 10° x 109K, ог 


(1+10K)* (1+9)2 — 10 -4 
= A a = ——— ш 2.778. Thus A D = 1.778, = 1. ; 
1+АВ 4 (10K) 2 (9) 2 (9) 2.778. Thus Ap | 778, and В = 1.778 x 107. Thus the 
dc open-loop gain of the amplifier is 10°К = 1.11 x 10“У/У, with poles of 10°Hz and 9 x 10°Hz. The 
А 111х10 


= 4 х 10? V/V. 


Low-frequency closed-loop gain is А; = 1-ВА 2778 
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Note that for convenience of notation we will use œ as the variable which denotes frequency in Hz! 


For a  maximally-flat design, О = 0.707, where from Eq. 8.38 in the Text, 
О = (A+ AB) ортара)? — —— (1) and &,, + 0,2 = 0/0, with poles at — 1/2 1/2 
(ш 0,3) pit 0р2 = , With poles at — (05; 0,2) + 


. (0, + О) 
((оь1 + 0,2) - 4 0 02 (1+ A, B))^. That is, poles are at pue t 1/2 ((®„ + Эн 


| 0,1 +O 22 ‚ 6 6 | 
0-4 Q5), or 1779? (1$ j (4 02— 19, ог I0 T7010 xL$3:1401072 —1)#у = 10.5 x 


vj (1 + j) Hz (as seen directly from Fig. 8.32 in the Text, and the text following), and 

=Q (0,1 + 9,2) = .707 (21 x 109) = 14.85 x 0^ Hz = = 14.85MHz (that is V 2 х 10.5MHz). Now 
мм the characteristic equation (Eq. 8.37 of the Tex, 82-35 (Wp 1 + 0,5) + (1 + Aog) Әр 02 = 0, and 
(1) above, s? + s Кри 0 + 0,2) + 02 (0, | + @ 2)? is the denominator of the transfer characteristic, which 
for s =j@, is (— w* + jo (21 х 105). + Qi х 1097/2). Now at the 3 dB frequency (0, ): Го, (21 х 
10) * (Q1 x 109)?/2 — © = 1/2. Normalizing to 21 x 109Hz, 02 + (V2 — w2)? = 1/2, or w2 + 1/4 + 


_(— @2) + 04 = 1/2. Thus 04 = 1/4, 02 = 1/2, о. = 0.707 (normalized), and, in general, 0. = 0.707 x 21 


| 0,1 + @ буу? 
x 105 = 14.85MHz (that is, œ). Now, from (1), (1 + A, B) = 02-09: 5 Sa" _ (0.707 (21 x 1099: 


0,1 02 (1 х 109) (20 x 10°) 
= 20D OD 2 44.1. Thus A,B = 43.1, B = 43.110? = 0.0431, and A, = = 107441 = 
1 x 20 is ° i | — / 7 1+AB ' 
22.ТҮГҮ. 
107 
A, = 10°, œ; = 107гай/5, 0,2 = 0,3 = 10°rad/s, and A (5) = —————-—_-. 
i i pecu e) (1 + 5/103) (1 + 5/105? 
10? 
3 542 3 
Thus A, ОАЕ шы а 2 агаа: 
В 10 (1 + 54107) (1 + 5/105? + В 10 


(1 + 5/107) (1 + 5/05)? | 
Denominator is (1 + 5/10?) (1 + 25/10? + 52/2019) + B 10° = 1 + 25/105 + 570" + 5/03 + 2527108. + 
597109 + B 10° = (B 10° + 1) + s (10° + 1103) + s? (110! + 2/108) + s10". Normalize to 5/10, that 
is 10? B+ 1 + s (102) + s? (201) + 100 s?. Now divide by 100 and set equal to 0: s? + 2.01 s? + 
1025 + 10 B + .01 = 0 - — — (1), which is in the form (s +a) (s +b —-jc)(st+b+jc)=0= 
(s +a) (s? + sb + јәс + bs + b? + jbc — jcs — jbc + с?) = (s + a) (s? + 2 sb +b? + c?) = (53 + 
25? b + sb? + sc? + as? + 2abs + ab? + ac?) = 53 + s? (a +2Ь)+5 (b? + c? + 2ab) +a (Ь2 + c?) - — 


- (2. Now, see a + 2b = 2.01, or a = 2.01 —2b – ~ — (3), b? c? + 2аЬ = 1.02 — — - (4), 
ab? + ac^ = 10B + 01 = x —— — (5). Now, (4) + (3) > b? + c? + 2b (2.01 – 2b) = 1.02, b? + c? + 
4.02b — 4b? = 1.02, c? + 4.02b – ЗЬ? = 1.02 — — – (6). 

Special Cases: (i) Two poles are coincident when с = 0 

(3) эа = 2.01 - 2b — — - (7), 

(4) + b? + 2ab = 1.02 – — — (8), 

(5 ab?2x  ---(9) 

(9) — (8) b? + 2x4 = 1.02 — b? + 2x = 1.02b — — — (10) 

(9) > (8) x/a + 2ab = 1.02, x + 2a?b = 1.02a 

(9) — (7) b? (2.01 – 2b) = х, 2.0162 – 2b? = x > b? = 2001/2 b? — x/2 – — — (11) 


(10) + (11) — 2.01/2 b? — x/2 + 2х = 1.02b, 2.0162 — 2.04b + 3x =0 


N2.04? — 4 (43x 2.01 | 
22:04 0 : 5 Us 2.01 _ 0.507 + Ү 258 — 149. The two are identical when 0.258 = 1.49x = 


1.49 (108 + 0.01), or B = 2415 201 - 


b = 2.04 + 
0.0163, at which b = 0.507 and а = 2.01 — 2 (.507) = 0.996. 
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SOLUTIONS: Chapter #8—13 


Denormalizing, the poles are at about —1 х 10°, —0.5 х 10°, and —0.5 x 10° rad/s. 
(ii) Now the jœ axis is reached when b = 0, for which: 
(3) a = 2.01, and 


(4) — c? = 1.02, c = 1.01, 


2.05 — .01 


where from (5), x = 10B 4.01 = ac? = 2.01 x 1.02, whence В = = 0.204. In this case, the 


poles are approximately at 2 x 10° rad/s and + j 10° rad/s. 


(їп) Now, О = 0.707 for the complex pole pair implies that b = с, (4) — 2b? + 2ab = 1.02, (5) = 
2ab? = x, (6) — b? + 402b — ЗЬ? = 1.02, 2b? — 4.02b + 1.02 = 0, 


| + N 2 _ + 
р = Se 2 2022232. 1.71 ог 0.298. Now, from (3), for a = 2.01 — 2b 


positive, b = 0298 A which a = 2.01 — 2 (0.298) = 1.41, and x = ab? + ac? = 2ab? = 2 (1.41) (0.298)? 
= 0.250. Thus х = 10ß + 0.01 = 0.250, and В = 
tion, the pole locations for Q = 0.707 are at — 1.41 x 10? rad/s, and at (—0.298 + j 0.298) х 10? rad/s. 
Now for О = 0.707, for which В = 0.024, using the normalized frequency, w = aY10?rad/s, see 


= 0.024. Accounting for the initial normaliza- 


Тө) = 103 _ 10? 
(1 + j100w) (1+ jw)?+24 (14 j100w) (1 — w? + 2jw) + 24 
E 10° й еа. (12) 
1 — w? + 2jw + 100и — j100w? — 200w? +24 25 – 20102 + j (102w – 1003) 
3 
Thus | 1 | = 10 Now at the closed-loop unity-gain frequency, | T | = 


(Q5 — 201w2)? + (102w — 100w3)5^ ` 
l. | 

Thus (squaring), 10° = (25 - 201w^y + (102w — 1009” У = 625 — 10050w* + 40401w^ + 10404w? — 
20400w^ + 10000w$, whence wÉ + 2w* + 0.035w? — 100.06 = 0. Solve wô + 2w* — 100 = 0 by trial. 
For w = 2, 25 42x21 - 100 = 64 + 32 — 100 = —4. For w = 2.02, (2.02)6 + 2 x (2.02)4 – 100 = шиг 
+ 33.3 -100 = 1. 2. Use w = 2 as an approximate solution. Now for w = 2, from (12), ®(w) = -tan! 
102(2) — 100(2°) p 204—800 _ 4 596 __ Thus the р f 200024 
зс ^ 201022) гал” “252604 ^o" ло = 37.4". Thus the phase margin or p ‚024, 
with 0 = 0.707, occurring at about 2 x 10? rad/s, is about 180 — 37.4 or 143°. 


(145/10? )(1+5/10$ Y? +109 B 
Jo 


At(s) 


(—.3+.3])10° 


(for В=.024) «105 


(ог В=0.204) 


20-0.5x10° 
(for B=0.16) 


—1.42x105 
(lor p.024) 


~j10° 
-2x105 (for 830.204) 


(lor 840.204) 
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SOLUTIONS: Chapter #8—14 


SECTION 8.10: STABILITY USING BODE PLOTS 


8.41 


8.42 


8.43 


From Eq.8.48: At the unity-loop-gain frequency, А; (jw) = MR. and |A; ({@) = 
e 


|1 + 679 
а ша. деш ШК мы. Дш e Мз 
|1+ cos O- j sin Ө | ((1 + cos Ө)? + sin? Ө)^ (1 + cos? © + 2cos © + sin? ©)” 


Q соз бу? (14 cos буй? Now as noted on page 726 of the Text, for a margin of 45°, Ө = 180-45 = 135°, and 
$ 


|A; |= (2 (1 + cos 1359) 
There is no peak when (2 (1 + cos х)! = 1, or 1 + cos x = 4, cos x 2 — И, x = 120°, and phase margin 
= 180 — 120 = 60°, (and, of course, greater). For a peaking factor of 2: 2 = 1/(2 + 2 cos ©)”, or 2 + 2 
cos Ө = 0.25, cos Ө = —1.75/2 = –0.875, or Ө = 151°, for which the margin is 29°. For a peaking factor 
of 10: 2 + 2 cos © = 1/100; cos Ө = —1.99/2 = –0.995, Ө = 174.3°, for which the margin is 5.7". 


= 1.307/8. 


-20dB/decade 


-20 | 
o ИШЕНИШИН 


" | NL 
-90 . 78° Ф margin 
| 45° Ф margin 
-180 X 0* margin. 
-270 


See that margins at 105Hz, are likely to be zero for 1/B = 40dB, or 1/B = 109020 = 100, or В = 0.01. 
Moreover, the phase margin is about 78° at 10’Hz, where P, contributes 90° and P; , P each 6° to the 
total shift. The corresponding 1/8 = 60dB, ог B = 0.001. The phase margin is 45° at 3 x 10'Hz, for 

E _ 1/105020 — _ А 10% z 
which 1/B = 50dB, and B = 1/10 = 0.0032. For В = .001, А; = санг согог 
909V/V. For В = .0032, А; = 10°/(1 + 10^(.0032)) = 306.5У/У. For B = 3 x 107%, 1/8 = 100/3 = 33.3, 
where 20 log 33.3 = 30.5dB = - 30dB. See from the figure that f = 108 (10 х 10/60) = 1.67 x 10°Hz, and 


the phase margin = — 1/6 (90) = —15°. 


4 

For the situation in P8.42, A — ESET ESET So for which Ф = — tan”! #106 — 2 tan"! 
и +j 7709) | 

1108. For Ф = —180°, check f = 10%. See Ф = —tan™! 109108 — 2 аа! 107107 = —89.43 -2(45) = 


179.4°. 
For f = 1.1 x 105 Ф = — tan”! 110 -2 (ат! 1.1 = -89.5 —2 (47.7) = 185°. 


- 298 - 


8.44 


SOLUTIONS: Chapter 88-15 


For f = 1.01 x 10°, Ф = —tan^! 101 —2 (ап! 1.01 = —89.4 —2 (45.29) = 180°. 
Thus margins are zero at f = 1.01 x 10°Hz. 
4 3x10 


7 
Now, at f = 3 x 107, Ф = -tan^! : -: —2 tan 108 = —88.1 — 2 (16.7) = 121.5 for a margin of 


180 — 121.5 = 58.5' (rather than 45"). 


For f = 4 x 10/Hz, Ф = —tan! 40 — 2 tan! .4 = —88.6 — 2(21.8) = –132.2°, for a margin of 180° 
—132.2° = 47.8". 

For f = 4.2 x 10’Hz, Ф = (ап! 42 —2 tan! .42 = 88.6 —2(22.8) = 134.2°, for a margin of 180° —134.2° 
= 45.8". 

Thus margins are 45° at f = 4.3 x 107 Hz. 


i 4, 107 . 
qoi = 180-0843-114-843 (not 


78° as suggested). For f = 1.2 x 107, the phase margin is 180 — 85.2 — 13.7 = 81.1°. For = 1.4 х 
10’, the phase margin is 180 — 85.9 — 15.9 = 78.2". Thus the margin is 78° at f = 1.4 x 10’ Hz. 


| 10^ 10* | 
Now, at f = 1.4 x 10’Hz,|A |= ——————————— = ——————— = 698V/V. Thus В can be 1/698 
f ІА | (1 + 147)4 (1--.14?) 14.04 (1.02) p 


= 0.00143 (where the Ф margin = 78°). 
10* 10* 


Now at f = 43 x 10'Hz, | A |= ————ÀÀÁ——————- = ——— = 196.2У/У. Thus В = 1/196.2 
f dd (1 + 435^ (1 +.432) (43.01) (1.185) . р 


= 0.0051 (where the phase margin is 45°). 


yi 
Now at f = 107, the phase margin is 180 —tan™ = - 2 tan 


The available amplifier has a gain of 10K with poles at 10°Hz and 10°/K Hz. 


(A) For 20dB of feedback, 1027? = 1 + A В. Thus 1 + 10*К (В) = 
10, B 29x 107*/K. From the rate-of-closure rule, the 1/3 and A lines 
10 


1 оК 1 o should intersect at 109/К Hz, where A = 10*K x 109K = 10? K?, and 
| бей ел ог В = 410° N p= 21х10 _ 9x 10^ EE 
| ч гээ с K K 
6 К = —~—— = 1.11, for which the bandwidth is 10°/K = 0.9MHz, 
107k 9x 107 : 
and the low-frequency рап is А; = EYY = 
4 4 
, 10°K — 10 (0.9) _ 900V/V. 
1 + 10°K (9 x 10 7K) 10 


The second pole is at 109/К = 105/ 1.11 = 0.9MHz. Now from Eq. 8.36, the closed-loop poles are at — 
1/2 (0,1 + 0,2) € (0, + 9,5)! — 4(1 + A, B) Opi 055. 


Here A, = 0.9 x 10*V/V, B = 1 x 10?V/V, œ; = 10°Hz, 0,2 = 9 x 10°Hz. Thus the closed-loop poles 
5 

are at ae + \ (212 x 10? — (1 + 0.9 x 10* x 1 x 103) (10°) (9 x 10°), ог-5х 10? 

+ [(5 x 105? — 10 x 9 x 10!0]^, or — 5 x 10° + 10? (25 — 90)^, or — 10° (— 5 + 8.06j). 
A 10^K 10°K —1 

B) Now, for A; = ——— = —— ——— = 10, IOK x 1 B 10*K, B = ———— 

(8) Now for Ау = BA 148 10K ^ Аи: 

Now, using the rate-of-closure rule, the intersection of the 1/B and A lines will be at 10°/K Hz, where A 


5 
= 10°K x T = 10° К?. Now, at 10%К Hz, AB = 1. Thus 10° К? (0.1 — 10 7&) = 1, 100 К? — 0.1 


K – 1 = 0, for which К = 0.10. That is, K = 0.10, dc gain = 10V/V, В = 0.1 — 1074/0.1 = .099, A = 
10*К = 103, and bandwidth = 10°/0.1 = 10M Hz. The second pole is at 109/К = 10°/0.1 = 10MHz. 


= 0.1 – 107/K. 
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SOLUTIONS: Chapter 98-16 


SECTION 8.11: FREQUENCY COMPENSATION 


8.45 


8.46 


8.47 


A = 10°, fpi 10°Hz, fp2= Їз = 105Hz. For an added dominant pole at fpo, the second pole would be 
at 10°Hz. Now for Ау = 10 (and A very high), 5 1А; = 0.1. Thus 1/3 = 20dB, while A = 80dB. 
Thus the dominant pole must drop the response by 80 — 20 = 60dB, using three decades. 

fpo = fp 105 = 109107 = 10°Hz. Similarly for Aj = 1, fpo = 102Н2. In both cases the closed-loop 3dB 
frequency would be 109 Hz. s.p 

For the existing pole lowered, from f,, = 10°Hz to f pi^, consider the effective second pole at f where 
tan"! f/105 = 22.5", or f = 0.414 x 105Hz. Now for a gain of 10, must lower f; by a factor of 1000 
below 0.414 x 10°Hz to fpi = 4.14 x 10^Hz. Now for a gain of one, similarly need /„ = 4.14 х 
10°Hz. In each case, f зв = 40MHz. 


1 1 1 1 


Now = = ————— — — , and Sa ЕЕН 
fpi on CLR, Элис fpa AMOR cim frequency 100 times 
larger. That is, = 10°, or C = —————— = 1.59pF. 
4 2n х 10° х 10° E 


2n C x 106 
1 


Now, for Miller compensation, / = t — — 
шагнах шиг 21 (C, Ry + C2 Rat Су (gm Ry Ro + Ry + Ёл) = 
1 


[e ————— ————— C——— 
10 x 107 х 106 + 10 x 10712 x 10* + 6.28 С; (100 x 105 + 10°+ 10) ° 


| | PAN 
or шл а T Co (0/2): d. ous C See 
1075 + 107 + 6.8 C, (1.01 x 105) Жин, PCT 7 887 x 10% 


(1 = 01 - 0.001), or С, = 0.146pF. Check (From Eq.858) Су = ——À———— = 


10* = 


i 21. 8m R2 Ri fpi 
— а 0.159pF. 
2n х 10? х 105 х 109 р 
: £n Су 10010“ x .146 х 10:12 
NOW fp = rase = ITA EA TID элу лг улл л ы лс. 
2r (С, Co+ C; (С,+ C3) 2n ((1.59 x 10712? + 0.146 x 107! (2) (1.59 x 10772) 


_ 0.146 
~ 1.59 x 10° + 0.292 х 10? 
IOkHz. Thus the closed-loop cutoff frequency raises to 10MHz. Note that the pole split lowered the 
dominant pole by a factor of 10 and raised the upper pole by a factor of 8 or so. Had the upper pole 
remained double at 10MHz, and assuming a double pole behaves as a single pole at a frequency for 
which each contributes 45°/2, that is at 10’ tan! (22.5) = .414 х 10'Н2, the cutoff would have been at 
4.1MHz. Thus pole splitting allows the same phase shift at 10MHz as formerly at 4.14MHz. Thus it 
seems that the dominant pole could be raised by the factor 10/4.14 = 2.4, to 2.4 x 10*Hz for roughly the 
same margins. For this situation, 

1 1 


= 77.6MHz, and f,; remains at 10МН2, with f,, reduced to 10*Hz, or 


^ш ‚апа C, = ——————————_ = 0.066pF, for which 
Jot 2n gm Кэ Су Ry 77 2,х 100 x 24 x 10* x 108 p | 
= 8m Cf 100/10* x 0.066 х 10712 


fpi = C; ep С, (Cy + C5) ^ 2n (1.59 x 107!) (1.59 х 10712) + 1.59 x 2 x 107? (0.066 x 10:72) ~ 


Ө ы» = 39.8MHz. Thus the poles are at 24kHz, 10MHz and 39.8MHz. Again, 
1.59 х 107° + 0.066 x 107 
the closed-loop cutoff frequency will be at about 10MHz, whereas the original frequency for which the 


phase margin is 45° would have been about 4.1MHz. 
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Chapter 9 


OUTPUT STAGES AND POWER AMPLIFIERS 


SECTION 9.1: CLASSIFICATION OF OUTPUT STAGES 


9.] 


Peak voltages applied are: 1.414У, 14.14V, and 141.4V. Peak load currents for a 1kQ load аге: 1.4mA, 
14mA, 141mA. With a 50mA bias current, corresponding operating modes are A, A, AB, respectively. 
For a load of 0.25КО, the peak load currents are 5.7mA, 57mA, and 566mA, with operation in modes A, 
АВ, AB respectively. For an nearly-normal large output at zero bias current, class В operation is 
apparently possible. 


SECTION 9.2: CLASS A OUTPUT STAGE 


4, 07-73-07 


92 Imax = ———7——- = 1.53mA. For a 1КО load, this will support a negative output peak of —1.53V, 


9.3 


9.4 


9.5 


1.549, 
апа for 10kQ, а peak of ~15.3V. In the latter case, saturation will occur earlier at —3 + 0.3 = —2.7V. 


For positive inputs, the positive peak is 3.0 — 0.3 = 2.7V, independent of load. Thus for a 1kQ load, the 


. largest sine wave is 1.53V peak, and for a 10kQ load, it is 2.7V peak. For a negative output at —2.7V 


with J = 1.53mA, R 2 2.7V/1.53mA = 1.76kQ. For a second device connected in parallel with О, I 
doubles to 3.06mA, and load resistances down to 1.76/2 = 0.88kQ can be accommodated with a —2.7V 
peak signal. 


The output signal is voltage-limited by the saturation of О to o, = Vcc — 0.2 ~ 0.7 = Vcg - 0.9 = 5 – 
0.9 = 4.1V peak, or current-limited to Vg = 10 ZR}. Thus for large enough /, the largest possible zero- 
average unclipped output is 4.1V peak. For Ig} 2 Igi, there is 10/ — / = 9I available to the load. For a 
АЛУ peak, 9 J > 4.1/100Q, J 2 4.56mA. Thus the minimum / required is 4.56mA. 


(a) The largest-possible sine-wave output is 9 — 0.3 = 8.7V peak. The smallest-possible load resistance 
is 8.7V/10mA = 8700. 


Load power = eny. = 43.5mW. Supply power = 2 (9) x 10 = 180mW. Conversion efficiency = 
43.5/180 x 100 = 24.2%. | 

2 
(b) For a signal of 8.7/2 = 4.35V across a load of 870/2 = 4350, the load power = a E 


21.75mW. Supply power = 2 (9) (10) = 180mW. Conversion Efficiency = 21.75/180 x 100 = 12.1%. 


(c) The loss in Q3 and R is 9 V x 10mA = 90mW, the supply power = 2 (9) 10 + 9 (10) = 270mW. 
For (a), efficiency = 43.5/270 x 100 = 16.1%. 


(d) For (b), efficiency = 21.75/270 х 100 = 8.06%. 


For matched FETs, по load, and Vg = 0, 1р2 = [pss = 10mA = Гру and ugs; = OV. Thus v; = OV. For 
operation in saturation, Эрс 2 | V, |= 2V. Thus the negative limit of Vg is —9 + 2 = —7V, for which I, 


D 
= TV/1kQ = 7mA, and Ip, = 10 — 7 3шА. Generally, ip = Ipss (1 — y’ 


32100 - 5 1+ + 20 = J^ = 548, vgs = 2 (548 — 1) = -0. — Thus the corresponding 


input is —7 — ш = —7.9V. For positive outputs, the input limit for saturation is uy = 9 ~ 2 = 7V, for 


. which 9g = v. 


10 + , or 10 + v = 10 (4.5 — 0/02)? = 202.5 — 450 + 


46 + Y 462 — 4(2.5) (192.5) _ 46 + 13.8 
2 (2.5) 5 


"E m 
150 


2.502, Thus, 2.502 — 460 + 192.5 = 0, v= = 6.43V = vg. 
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SOLUTIONS: Chapter #9-2 


7 — 6.43 


2—0 = 16.5mA. Compare with 6.43/1kQ + 10 164. OK. 


(6.43)? 
1k 


Check: ip, = 10 (1 — 


Now for a fixed (dc) output signal of Vg = 6.43V: Load power = = 41.3mW. Supply power = 


9 (10 + 6.43) + 9 (10) = 147.9 + 90 = 238mW. Efficiency = 41.3/238 x 100 = 17.4%. 


Now for a dc output of vg = —7.0V. Load power = 77/1kQ = 49mW. Supply power = 9 (10 ~ 7) + 9 
(10) = 27 + 90 = 117mW. Efficiency = 49/117 x 100 = 41.9% 


Largest-possible relatively-undistorted sine wave output is 6.43V peak, for which Load power = 


2: 
ca le 20.7mW. Supply power = 9(10 + 6.43 + 10) = 198.5mW, where 6.43/ m is the average 


value of the 6.43V half-sine current pulse. Efficiency = 20.7/198.5 x 100 = 10.4%. 


SECTION 9.3: CLASS B OUTPUT STAGE 


9.6 For К = о: ір = 0 and vgs = V, as v, varies. For |v; |S 1V, vg = 0. For 1 < |о | < LIV, 


9.7 


9.8 


| vo |=|% 1-4. 
For |v, | > 11У, | Юо |= 10V. For R, = 10kQ: For 
Vo = 1V, ip = 1/10®= 100рА = 1 (ugs — 1}, ос; 
= + (1/10)^ + 1 = 1.32V, v; = 2.32V. For vo = 9V, 


ы ty, 10 ір 29/10 = 1 x 107 (vgs – 1, ugs = + C9)" + 1 
ә жан = 1.95V, оу = 10.95У = 11V. For vg = 10V, ip = 
8. 9 10/10* = 1mA = 1 [2 (vgs – 1) Ups—vfs]. Say ups 


= 0.1. Thus 1 = 2 (065 - 1) (0.1), Ves = 
1/(2(0.1)) + 1 = 6V, 
оу = 16V. For vo = 9.5V, ip = 1mA = 1mA (2 
(065 — 1) 0.5 — 0.55, vgs — 1 = 1 + 25, 0с; = 
2.25У, Vy = 225 + 9.5 = 11.75. For 0}, Q5 in 
saturation, the largest possible sinewave output is 9V 
Эб peak ог 18Урр. The corresponding input voltage is 
20Vpp for no load, and 22Vpp for 10kQ load. 
Equivalent gain is 18/20 = 0.9V/V, or 18/22 = 
. 0.82V/V respectively. Supply power is OmW for no 
See page 308 for load, and 10 (9/Y 2)/10К = 6.36mW, for 10kQ load. 
expanded version. (QN 2)? 


Load power is 0mW, or doo " 4.05mV respec- 


tively. Efficiency is оо (for no load), or 4.05/6.36 х 
100 = 63.7% for a 10kQ load. 


6-11, =10) -10 


For Vo = +10mV, ође = 0.710V, i, = 10 x 107/100 = O.1mA, ipase = 0.1/50 = 2A, for which the 


2uA 2 х 1079 
-421М1----542-2---:0210У. Thus v = 10 + 02 = +10.2mV. 
IOmA/V ^ 10 х 1023 s хаг аавыг ч 
1073 20 x 1075 


For Vo = *100mV, Vpase = 0.800V, i, = 100 — 107/100 = 1mA, ipase = E e 204A, Vin = TEENS 
= 2mV. Thus vy, = +102mV. 


amplifier input voltage is vj, — 


| | 200 х 1079 
For Vo = +1V, Übase = 1.7V, y= 1/100 = 10mA, lbase = 10/50 = 200A, Vin = 10 x 10? 


Thus v, = +1.02V. 


= 20mV. 


Assuming Vcg sa = OV, the largest possible undistorted output is 6V peak or 6/2 = 4.24У rms. 
Corresponding output power = (6/2y)/ 16 = 1.125W. Current from the supply is a half sinewave of 6/16 
= 0.375A peak, whose average value is 0.375/ = 0.119A. That is supply power = 12 (0.119) = 1.43W. 
Efficiency = 1.125/1.43 х 100 = 78.7%. Power loss in both transistors is 1.43 —1.125 = 0.305 W. Power 
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loss in each transistor is the same = 0.305/2 = 0.153W. 


For 4V peak output: Output power = (41N2)/ 16 = 0.5W. Supply power = (12 х 4/16 х 1/л) = 0.95W. 
Total device dissipation = 0.95 —0.5 = 0.45W. Efficiency = 0.5/.95 x 100 = 52.6%. 


For a +14.5V Supply, and 6V peak output: Output power = 1.125W. Supply power = 14.5 (.119) = 
1.73W. Device dissipation = 1.73 -1.125 = 0.60W. Efficiency = 1.125/1.73 х 100 = 65%. 


SECTION 9.4: CLASS AB OUTPUT STAGE 


9.9 


9.10 


For rou S 50, ren || rep = 50 = r,/2. Thus г, = 100, and Ig = 25mV/10Q = 2.5mA, the quiescent 
current, for which Vgg/2 = 690 + 25 In (2.5/10) = 655mV, and Vgg = 2 (655) = 1.31V. For 5V peak 
output and 5092 load, J, = 5/50 = 100mA, vge = 690 + 25 In 100/10 = 748mV. Thus vr = 5.00 + .748 
— 655 = 5.09V. Large-signal gain = 5.00/5.09 = 0.982V/V. For small changes around OV and a 500 
load, gain = 50/(5 + 50) = 0.91V/V. For small changes around +5V, and а 500 load, r, = 25mV/100mA 
= 0.250, gain = 50/(50 + .25) = 0.995 V/V. 


For each device, biased at current J, J = 200 (vgs — 1), and gm = 2 (200) (vgs — 1) mA/V with r, = 
I/8m. For a 100Q load, gain = EE = 0.99, 100 = 99 + .495r,, г; = 1/.495Q, or 1/r, = .495 A/V 


= 495mA/V. Thus 2 (200) (ugs —1) = 495, ugs — 1 = 495/400 = 1.237, ugs = 2.237V, Увв = 2 (2.237) 
= 4.48V. 


SECTION 9.5: BIASING THE CLASS AB CIRCUIT 


9.11 


9.12 


9.13 


For each junction, V; = 0.675V, to maintain an output quiescent current of 2. Sui for which Ig = 2.5/31 
= 81НА. Correspondingly, the quiescent current of the biassing junctions is 2.5/4 = 625uA. Thus J = 
625 + 81 = 706A. Now for a short-circuit output, the maximum available current = 7064A (30 + 1) = 
21.9mA. For junction bias reduced to 0.1 (6254A) , available base current = 706 — 0.1 (625) = 643.5uA, 
for which ig = 31 (643.5) = 19.9mA, and vg = 50 x 19.9 = 1.00V across 509, Thus the peak output for 
500 is 1.00V. 


Ig = 2.5mA for which ogg = 675mV and ig = 81НА. For a ТУ positive output across 509, i, = 1V/50 
= 20mA, for which ig = 20/31 = 645A. Now for a normal bias network current J, (J — 645)/I x 100 = 
20, Z — 645 = 0.21, 0.81 = 645, I = 806uA. Thus the resistor-network current level = 1/2 (20%) 806 = 
80.64A. Here Vgg = 2 (0.675) = 1.35V, and Кү + К» = 1.35/80.64A = 16.75КО. Now the normal 
current in the bias transistor is 806 — 80.6 — 81 = 644ДА, for which Vgg; = 690 + 25 In (0.644/ 10) = 
621mV, and Гв = 644/30 = 21.5рА. That is А = 621/80.6 — 21.5 = 10.5kQ. Use 10КО, for which Ip2 
= 621/10 + 21.5 = 83.6uA, А, = 1.350 — 0.621/83.6 = 8.7kQ. In practice, use 8.2КО with a variable (or 
fixed) series resistor. Now for ug = ГУ, igy = 20mA, ipy = 645pA, and ig, = 806 — 645 — 80.6 = 
80.44A. That is, re; = 25mV/80.4uA = 3110, ray = 31 (311) = 9.64kQ, and for the multiplier with 

р 10 _ v (16.78) 

тайин й Ss 13.6 

16.78/13.6 = 1.23kQ. Now, at the peak output of 1V, ry = 25mV/20mA = 1.25Q, and ray = 31 


31 (1.25 + 50) 
» = . . z SER eee) een ы REN ME Sr E en ee ЭЭНИЙ SU MOOD UPC = Л б X 0. 64 == 

(1 259) 38.750. Gain at the peak 50 + 125 х 31 0.25 + 50) + 22k Q 0.97 5 

0.55V/V. 


For signals around ОУ, with а 500 load, Ro = 5Q as before, but ig, rises to 644A for which re; = 
25/.644 = 38.8Q, and r,, reduces to about 38. 8/311 or 0.12 of the previous, or 0.12 (1.23kQ) or about 


(50 + 5)31 
= ——— x ———M—————— = 0.91 x 0.92 = 0.84V/V. 
1500. Thus the gain 50+ 5 х (50 + 5)31 + 150 9 


input v, current i is , OF ru = Vi = 


From the sequel to Eq. 9.33 of the Text, neglecting B for the bias situation, k = 1 + RR; = 
(Ri + R;YR,. Now, for a junction voltage Оре, the emitter current of the multiplying transistor = 7 — 


BE T Vr 


—— — —, where Ig =I — V . Th micum oec) оу! ll i tal volta 
R, + К, Where ЧЕ pg! Ry US Te le I- Vag ow for a small incremental voltage 
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v applied across the multiplier, a current ig flows in the Rj, R2 network, where ig = XGRUT = 
' 2t Kır 
Oi ty and ic in the transistor collector is i Ri ra | В 1 
———— , is ic = ————— х 0 Хх x — = 
Ri re + Ro (Ri rq) 5 © RD +R, llr, В+1 ^r 
Кт Bu BRY 
К, rg Ro (Ry + rg) Гл Ry ret Ra (Rit г) 
| R,+R,+ 
his: Peire = В 1 IT Гл ü, p, = = Ri rg t Ra (Ry + rx) 
i А Ry re + R2 (Ri + r4) i (B+ DR, rz 
( + 1)r К+ Ку Ro + ( + ly, К, re (R; + R) + К RX + 1) 
Мыса ЕВЕ ЕАН е u UE зол Буг Ви ГЭ with re = V7AI — Vgg/R4), and 


(p + 1)К | + (В + Dr. E R, tr. 
k =(R, + RyRı. Now, k = 1 + КУК), ог RR; = k — 1, or R? = (k — 1) Ry and Ki Е = Е К. 


г. (КК) + Rf (k - ИВ + 1 
Thus, req = Fe (КЕ) + RE k= IMB + D with re = VrÁ/I — Vpg/R ). 


К, + re 
Now for k = 2, I = 1mA, B 2 50, Ri = „= (В + Dr, re = ee О, with R, in ohms, re = 
1 — 700R; 4 
2r, Ry + ЕРЫ 2r, (51) r, +(51г,„)751 102 + 51 T" 
Rit re ? Sir, +r, uS D^ ESL Б. 

| 25 | 

= —————————, 25 = r, — 700/51 =2 = 38.70, 
Тт) г, — 700/51 — г, = 25 + 700/51 = 38.70 


Гед = 38.7 (2.94) = 1140. 


SECTION 9.6: POWER BJTs 


9.14 


9.15 


9.16 


9.17 


At 30°C, the junction drop at current J is 630mV. At 10 times that current the drop would be 630 + 25 
In (107/1) = 687.6mV. Now at T°C, the junction drop is 500mV. The new temperature, Т = 30°C + 
(685.0900 mx = 123.8'C. For a total dissipation of 45W, the thermal resistance, junction-to-ambient 


2mV/C ° 
is (123.8 — 30)/45 = 2.08'C/W. For a junction temperature of 180С°, total dissipation could be (180 — 


30)/2.08 = 72.1W, and the new current would be 72.1/45 х 10/ = 161, that is 16 times the original test 
current. At 30°C, at this current, Үвр = 630 + 25 In 16 = 699.3mV, or 700mV. At 180°C, "BE = 699.3 
— 2 (180 — 30) = 399.3mV, ог 400mV. 


Рах 5 (150 — 55)/1.1°C/W = 86.4W. For 86.4/2 = 43.2W, the junction-to-case rise is 1.1 (43.2) = 
47.5°С, and for T; = 150, Тс = 150 — 47.5 = 102.5°C. For T4 = 30°, the thermal resistance of the heat 
sink required is (55 - 30)/86.4 = 0.289°C/W in the first case, and (102.5 — 30)/43.2 = 1.68'C/W in the 
second. For a heat-sink length L, the rating is 3/L°C/W. In the first case 3/L = 0.289 and L = 3/.289 = 
10.4cm. In the second case 3/L = 1.68, and L = 3/1.68 = 1.79cm. Now for a potential error of 2090 in 
all thermal measurements, but with 86.4W applied, Tc should be 150 — 86.4W (1.1'C/W) (1.2) = 35.95', 
for which the thermal resistance of the sink must be (35.95 — 30)/86.4 = 0.0689°C/W, for which L = 3 
(1+0.2)/0.0689 = 52.3cm. Note the dramatic impact of measurement error on the adequacy of a design! 


For a device dissipating W watts: 40° + 1/10 x W + 0.50 + 2W = 150°, W (0.1 + 0.5 + 2) = 110°, W 


= 110/2.6 = 42.3Watts. For a heat sink twice as long, W = =< = 43.1W. We now conclude 


that the heat sink is already quite large, the major problem lying in the transistor itself, with its dominat- - 
ing thermal resistance. For an infinite heat sink, the maximum rating would only be 44W! 


For ЈЕ = 5A, Ig = 02A, В = (5 — 0.2)/0.2 = 24, and re = 25mV/5A = 5mQ. Thus rg = (24 + 1) 5 х 
10? = 125 x 10? = 0.125 О. For Ry = 729, ry = .72 — .125 = 0.5950. At Ig = ЗА, re = 25/3 = 8.3 
mQ, гк = 25 х 8.3 = 208.3 mQ = 0.2080. Thus, К, = 595 + .208 = 0.802. 
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SECTION 9.7: VARIATIONS ON THE CLASS AB CONFIGURATION 


9.18 


9.19 


9.20 


9.21 


For IL шах = 100 mA and a standing current i, the maximum base current occurring in the pnp transistor, 
is (100 41381. Thus Гә 2 (100 + /)/81, or 2 1.5mA. Thus, use J = 2 (100 + iy/81 = 2.47 + .025i — — 
— (1), or J = (100 + 1)/81 + 1.5 = 2.73 + .0123i — — — (2). Now for the quiescent state, i = /кз = Гел = 
Ig; = Ig; = I. Now, for (1) above J = 2.47 + .0251, or I = 2.47/(1 — .025) = 2.53mA, for which 1к2 = 
(100 + 2.53)/81 < 1.5, and thus use (2), for which J = 2.73 + .0123 (J), for which J = 2.73/(1 — .0123) = 
2.76mA. Now, since the output transistors are 5 times larger than the bias transistors, Ve3 = Ура = 25 In 
5 = 40.2mV at a current / = 2.76mA. That is, R4 = R4 = 40.2mV/2.76mA = 14.60; Use 15Q. Now for 
outputs near zero volts, [єз = Їүд = 2.8mA, and r, = 25mV/2.8mA = 90. Thus, Rou = (9 + 15)/2 = 
120. For a gain of 0.90 (dominated by the output coupling) T = 0.90, where Ау = 12/(1 — .90) 
L 
= 1200. Near 10У, where the situations are essentially the same for a particular R}, one transistor is 


likely to be cut off and J, = 10/R,. Thus r, = M = 2.58, Q, with R; in KQ, and Rou = (2.5R, + 
L 
R, 


15) Q. Thus, —————————у = 0.90, or R, = 0.90Ку + 0.00225 R, + 0.0135. Thus R, = 
Ry + (2.5R, + 15) x 10 


0.0135/(1 — 0.90225) = 1389). Thus for loads in excess of 1400, the gain of the output stage can exceed 
0.90, for outputs of £10V. 


For a standing current of 10.0mA in the output: 


(a) 1/52 = Іа = 10mA, and Ig; = 10/100 = O.1mA, and Гуз = 10/100 = O.1mA. That 15 Vgg = 700 + 
25 In (10/100) + 700 + 25 In (0.1/1) + 700 + 25 In (0.1/1) = 2100 —57.6 — 57.6 — 57.6 = (2100 – 
172.8)mV = 1.93V. Now, for all В increased Бу 10 and Үвв = 1.93V, all currents will increase to 
maintain the voltage. The current, say 10k mA, will be such that the currents in Q2, О, Оз will 
change to 10k, 10k/(1000) = .01k, and 10К/(100 х 10) = 0.01k respectively. Now — 172.8/25 = (In 
10К/100 + In 0.01k/1 + In 0.01k) = -6.91. Try k = 10: In 1 + In .1 + In .1 = 723 ~ 2.3 = —4.60. 
Try k = 3: In 0.3 + In .03 + In .03 = –1.20 — 3.51 — 3.51 = -8.[22. Try k = 5: In 0.5 + In 0.05 + 
In 0.05 = —0.693 — 2.995 — 2.995 = —6.68. Thus, the standing current increases by more than 5 
times!. 

(b Iga = Ig57 10— 1 = 9mA, Ig, = Із = lmA. Thus, Vgg = 700 + 25 In (9/100) + 2 (700) = 2.04V. 
Now for all B increased by 10, the output current increases slightly, but the base-shunt current, 
established by resistors and a Vgg which changes only slightly, stay essentially the same. Thus for 
a factor-of- 10 change in /g5, from O.1mA to .0lmA, Zg; changes from 1.00 to .91 mA for the same 
output current. Thus it is likely that the standing current changes by a few tens of %. A great 
improvement! 


For Ig = 25mA = Içi, Ig, = 25/100 = .25mA. Thus /c52 1 ~ .25 = .75mA, 
Var 5 = 700 + 25 In (0.75/1) = 693mV. Thus Rg; = 693mV/25mA = 27.7Q. Use 270. Without Qs, 
the peak load current could be ImA х 100 = 100mA. 


25 
For both devices having B = 50, Jg? = 10mA, /p2 = Ig; = 10/50 = .2mA, re2 = 5150010) = 2.450, rg 


= 51 (2.45Q) = 125 Q, ғ, = 25/.2 = 1250, ги = 51 (125) = 6.375КО. For v2 at the base of Ол, 2 = 
92/127.5 = i,, and i; = В 03,2 = 50 V2/127.5. Now voltage v, at the base of О = V2 + iei Fei, OF 


Lot + 0602 
Vi = 0) + 0/125 x 125 = 2 Vy, and іс = 50/51 ie} = 50/51 x 0/125. Thus, 8m eg = ша = 
1 
50 оу 5009, 
31 125 — 125 , 50 (1/51 + 1)  203.9mA/V.. For 02, о = a = 102kQ, ry; = 10 


2 0, - 2 (125) 98) (10) 
(50) 10.2 = 5.1MQ, „у = 100/.2 = 500kQ, гц = 250MQ. Now, for a rise in output of ù, with the input 
short-circuited, the total current is approximately i = (0/IMQ) + (9/250МО) + (0/(0.5МО Il 5.1MQ) 50 
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+ (v/10.2kQ). Thus 1/R,,, = 1 + .004 + 109.8 + 98. О = 208.8НА/У, and Roy = 4.79КО. Thus the gain 
VA; = —8m eq Кош = — 202 х 10? х 4.79 x 107 = -977V/V, and R;, = (1МО/(1 + 977)) Il (51 (2 
(125))) = 1.022КО І 12.75КО = 0.946kQ. 


For both devices having B = 150, /в2 = Ig; = 10/150 = 0.066mA. Thus гр = ғ, = 25/.066 = 3750, "а 
150 V2 150%; 


= 151 (375) = 56.6КО. Thus gm oq = Bm GE ы ЕТУ 1+5 : ==) = 206.6mA/V, that is, 

almost the same as with B = SO. 

For Q5, rg? = BO 10.07КО, r,? = 10 (150) (10.07) = 15.1MQ, ro, = 100/.066 = 1.501MQ. 
151 ) 

Кош = 1МО Il со || шэн тэн l| 10.07kQ = IMQ Il 10КО 1 100КО Il 10.07КО = 4.75КО. 


150 

Now the gain = —206.6 x 107 x 4.75kQ = —981V/V, and R;, = 1МОЛ(1 + 981) Il (151 (2 (375)))] = 
1.018kQ If 113.3kQ = 1.01kG. Overall, for B = 50 to 150, gm ranges from 204mA/V to 207mA/V, the 
gain ranges from —977V/V to 981V/V, Rin ranges from 9460 to 10100, R,,, ranges from 4.75kQ to 
4.79КО. That is, there is very little effect. 


At 125°C, and 100НА, Ир = 700 ~ 2 (125 — 25) = 500mV . Thus Кү = DG = 95kQ, and ig = 
100НА/100 = IHA. Thus ig; = 100 — 1 = 99pA, and Rz = .500/99НА = 5.05КО. Now, at 25°С (with 
icz low) and ign 20, ов = a eG x 10 = 5047mV. Now i, = 100 x 10% Ёныг 
0.04054А. For doubling, that is i2 = 0.0810ҢА, vg = 504.7 + 25 In 2 = 522mV. Thus the supply vol- 
tage = (0.522/5.05) (5.05 + 95.0) = 10.34V. At ic; = 50НА, Vag = 700 + 25 In AURI = 682.7mV. 


Now at 100, Үвд = 6827 — (100 - 252 = 532.7mV, for which the supply voltage = 
(0.533/5.05)(100.05) = 10.56V. 


SECTION 9.8: IC POWER AMPLIFIERS 


9.23 


9.24 


25 — 0.7 – 2(0.7) 0.458 


For the circuit shown in Fig. 9.30, Ig1— 25:043550 “ 0.458mA. Thus l4 = 20x20 ^ 


1.15НА. To reduce this to 0.5НА, raise R, to (1.15/0.5) х 50 = 115kQ with 57.5kQ in each half. Now 
for the same gain and to maintain the same assumptions for the gain calculation, raise Кз and Аз by the 
same factor [(= 1.15/0.5 = 2.3)] to 2.3КО and 57.5k€ respectively. Because of the change, the current in 
Qio, Qj; and Qj? all reduce by a factor of 2.3, that in Оо reduces, but not Бу as large a factor due to 
Re, R7. 


For the calculation of A, include Ор, О, Ол, Qg, Qo, as driven by the output resistance of Qg and Q4. 
With a 27V supply, bias current = (27 — 3(0.7))/50 = 0.5mA. Thus /с4 = lcg = [Icio = Іси = Icio = 
0.5mA, Ico = 10 Icii = 5mA. Now Ѓе12 = 25mV/0.5mA = 500, 12 = 100V/0.5mA = 200kQ = Vole 
Now Од operates as a follower with B = 100 x 20 = 2000, while 07 operates as a follower with B = 100, 
where at the output the only load is „у ll rog = 7,7 /2 where r,; = 100V/5mA = 20kQ. Thus the net load 
on the collector of О (2 is r312 Il гол ЇЇ ((101) (20kQ/2)) = 200kQ 1 200k 1 IMQ = 90.9kQ. The gain 
from the base of О 2 to the collector of Qj is about —90.9kQ/S50Q = —1818V/V. Follower gain for no 
load is nearly 1V/V. Thus the overall gain A is — 1818V/V. Equivalent input capacitance is Cr = 10 x 
10:12 (1 + 1818) = 1.82 x 10°F. Corresponding input resistance E Rr = гов ll год, where at 0.5mA, г, 


= 0.5 = 200kQ. Thus, the cutoff frequency = ——————— = 87.5Hz. 
ind 05, (16 СОМ Tequeniey n (200 x 10°72) (1.82 x 1058) 
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For equal sharing, each conducts 50/2 = 25mA. For Vggs = 0.70V, R4 = 700mV/25mA = 280. Note 
that a specification of 1.0V at ІА is given for Оз. However a lot of this Укв is likely due to resistive 
effects in the base. Thus we use 0.7V as above. (Note, that we get a higher result for R4 if we use the 
0.1V/decade idea, in which case Vggs = 1.00 — 0.1 log 25/1000 = 0.84V). Now at Isu = 1A, Vgg = 
1.00V, and /g3 = 1.00/28 = 35.7mA. As well, 7/55 = 1А/30 = 33.3mA. Thus /сз = 35.7 + 33.3 = 69mA. 
For a load change from 50mA to 1A, a factor of 20, the current in Q4 varies from 25mA to 69mA, a fac- 
tor of 2.76. For Q1, Q, operating at ImA, | Ув | = 0.700V. For Q3, Q4 operating at 2mA, | Vgg| = 700 + 
0.1 log (2/10) = 0.630V. Thus R5 = Кє = (0.700 — 0.630)/2mA = 359 


For £12V supplies and 2V saturation, outputs of +10У are available. Thus a 20V peak signal is possible. 
Input provided is 0.1V peak. Required input resistance = 10kQ. Thus, Ёз = 10kQ, and R4 = 10V/0.1V 
х 10КО = IMQ. For the highest possible input resistance, use R4 = 10MQ and А; = 100КО for a 
100kQ input resistance. For the positive side, 10/0.1 = 1 + А/К, or Ra = 99R,. Use № = R4 = IMQ 
and К = 1MQ/99 = 101kQ, a 100КО and 1kQ in series, as a quick solution. 


There are several choices: 
(a) Опе is to drive A, as shown, but with R4 connected to the output of А у, with R4 = Аз and 1 + 
RR = 20/2 = 10, R2 9R;, or Кү = Rj/9. Use К = 10kQ, А, = 90kQ, R4 = Кз = 100kQ. 


(b) Modify (a) above to merge Аз and Кү into Кз = 10kQ, with Ry = 90КО, and R4 = 100КО using 
only 3 resistors in all. 


SECTION 9.9: MOS POWER TRANSISTORS 


9.28 


9.29 


9.30 


К = 12 p, Cy WIL = 1/2 x 30 x 109х 10/5 = 0.3A/V?. At low gs, ip = К (065 — V;)* = 
0.3 (ugs — Vi). At high vgs, ip = 1/2 Coe W Шш (ugs — Vi) = 1/2 x mU x 105 x 10% x 5 x 
10* (vgs — У,) = 1.5 х (Vgs — Vj). These currents are equal when 0.3 (vgs — V, y = 1.5 x (0с; — Vj), 
or ugs — V, = 5, ог 065 = 5 + 2 = 7V. For ugs = TV, ip = К (065 - V) = 0.3 (7 — 2)? = 7.5A, for 
which gm = 2 (0.3) (7 — 2) = 3A/V. For Vgs = 3.5V, ip = 0.3 (3.5 — 2)? = 675mA or .675A, for which 
£m = 2 (0.3) (3.5 — 2) = 0.9A/V. For vgs = 14V, ip = 1.5 (14 — 2) = 18A, for which gm = 
1.5(0с5 — Vj) = 1.5(14 — 2) = 18 A/V. Note that from the velocity-saturated relationship at 7V, the gm 
would be 1.5A/V (rather than 3A/V). In practice, the transition between modes begins to occur at lower 
values of Vgs and g,. 


For 5mA bias: ip = 5 = К (vgs — У,)? = 200 (ugs — 2}, ugs = (5/200)^ + 2 = 2.158V. Thus Уц = 4 
(0.7) + 2 (2.158) = 7.12V, R = 2(2.158)/5mA = 8630. Total FET TC = 2 (-3) = -6mV/'C. Total BJT 
TC = 4 (-2) = -8mV'C. Total TC = -14mV/'C. Thus 6/14 = 0.429 of Үүд must appear across (26. 
For outputs around zero: gm = 2К (ugs — V;) = 2 (200 (2.158 — 2)) = 63.2mA/V. Thus, Rou of fol- 
lower = (1/2,,) ll (/в„) = (1/63.2)2 = 7.90. The gain for 1000 load = 100/(7.9 + 100) = 0.927V/V. 


For outputs around +20V: 1, = 20/.100 = 200mA, whence 200 = 200 (ugs — 2), 0с; = (200/200)^ + 2 
= ЗУ, and g,, = 2 (200) (3 — 2) = 400mA/V. Thus Rou = (1/400)/2 = 1.25. The incremented gain = 
100/(1.25 + 100) = 0.988V/V. Alternatively, note that the input must be 20 + 3 — 2.158 = 20.84V at the 
peak. The corresponding overall gain = 20/20.84 = 0.960V/V. 


See that Оз, Q4 are 100 times larger than Qj, Q2. Thus for 10mA in Оз, Q4 require J = 10/100 = 
0.1mA in О, О». For Ig = 5mA, 5 = 100 (vgs – 1)». Thus vgs = (5/100)^ + 1 = 1.224V, gm = 2 


(100) (1.224 — 1) = 44.8mA/V, Roy = 1/8m ll Vg, “Сиа : 472 = 11.20. For Мо = OV, the gain with 


100Q load is 100/(100 + 11.2) = 0.899V/V, with Vp = “OV. Vg = 1.22V, Ус = -1.22V, Ул = OV. See 
that Vgp; = Ugp2 = 0 and all transistors operate in saturation mode. For Vo = +10V, with 1000 load, 
{рз = 10/0.1 = 100mA, that is 100 = 100 (ugs — 1, 065 = 1 + 1 = 2V. Thus Vp = +10V, and Ув = 
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+12V. Now 0, continues to conduct О. тА with Vgs = 1.224V, that is Уд = 12 — 1.224 = 10.78V. For 
Qo, Vp = 10V, Vg = 10.78V, and operation is in triode mode with Vgp = 0.78V, where, 0.1 = 1 (2 
(ugs — 1) (Ups) - Vs). Now, since Ucp = Vgs — Ups = 0.78, and Vgs = 0.78 + Ups, 1 = 20 ((.78 + 
Ups —1) Ups — 10 Vs) = ~ 44 0р; + 20 оё; — 10 Vis, or 10 
Ya 4? — 4(— 

vee — 4.4 Ups — 1: 0, "Thus vps = am em = 0.605V, and ugs = .78 + .605 = 1.38V. 
Correspondingly, Vc = +10 — 0.605 = 9.40V. Thus О, Q3 operate in saturation, Q4 cuts off, and Qj, is 
in triode mode. Overall, the gain is Vp/V4 = 10/10.78 = 0.928V/V. Incrementally, for Q5, ёл = 2 (100) 
(2 — 1) = 200mA/V, and Rout = 1/g, = 1/200 = 50. Thus the gain vg/), = 100/(100 + 5) = 0.952V/V. 


9.6  (contined) 


(11, 10) 


А (11.75, 9.5) 
(17, э) 


10 


RL ж 10kQ 


(-1, 0) 


-10 Б (2.32, 1) 


N (0 7 
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Chapter 10 


ANALOG INTEGRATED CIRCUITS 


SECTION 10.1: THE 741 OP-AMP CIRCUIT 


10.1 


10.2 


10.3 


10.4 


For £15V supplies, /ккєк = [+15 — —15 — 0.7 — 0.7]/39КО = 0.733mA, or 733A. For +5У supplies, 
Iger = [+5 — —5 — 1.4]/39kKQ = 0.2205mA. For +5У supplies and Iger = .73mA, К; = (10 — 1.4)/0.733 
= 11.73kQ. One could use 12kQ as a standard value. 


For 15У supplies, Iker = 733НА. Thus Ugg;; =n Vr In (Ms) = 25 In (.733 х 103/10) = 625.5mV. 
Now оруу = 0 = 625.5 + 25 In (i/.733), with i in mA, where iR4 = —25 In i/.73 = 5000i, or i = —.005 
In i/0.73. 

Iterate: For i = 0.1 (mA), i = —.005 In 0.1/.73 = .0lmA. For i = .01 (mA), i = —.005 In .01/.73 = 
.0215mA. For i = .015 (mA), i = .005 In .015/.73 = .0195mA. For i = .018 (mA), i = .005 In 
.018/.73 = .0185mA. Thus i = 18.3pA. 


For +5V supplies, Ipge = .2205mA, Өвкүү = 25 In ((.2205/107'*) x 107) = 595.4mV, and ор = 595.4 
х 25 In i/.2205, where iR, = —25 In i/.2205 = 5000i, or i = —.005 In i/.2205. 

Iterate: For i = .01mA, i = .005 In .01/.2205 = .0155mA. For i = .015mA, i = .0133mA. For i 
.014mA, i = .0138mA. Thus i = 13.9ДА (reduced from 18.3НА). 


For i = 18.3НА as before, орко = 625.5 + 25 In (.0183/.733) = 533.2mV, (ог, ggio = 595.4 + 25 In 


(.0183/.2205) = 533.2mV) and, for +5У supplies, вк = 595.4mV. Thus К = 2224 —2332)mY. L 


18.34 - 
3.40kQ. 


Replace R, by a transistor Q55 whose collector is connected to the emitter of Qs, emitter to a resistor 
Куә connected to —Vgg, and base to either the base of О or the emitter of Q}. From page 820 of the 
Text, note that the voltage Иру = 618mV + 550НА (1000) = 618 + 55 = 673mV, and fro = 


673mV/50kQ. = 13.5рА. Now at 13.5НА, Vpg2s = 25 In (13.51A/107^A ) = 525.6mV. For the con- 


nection to the base of Оц, Veen = 25 In Bern = 625.3mV. Thus R12 = (625.3 — 525.6)mV == a ОШ ы 


7.4kQ. For the connection to the emitter of Q4, Vez = Vpggg + Кэ (fgg) and, (from page 706), Vg; 
517 + 9.5 x 105 x 1 x 10° = 517 + 9.5 = 526.5mV, for which Ri = 22:6 2205)" < 0, To 
avoid an unusual load on Q4, it would be best to include a resistor К = 1kQ say (= Ri, R2), in which 


case the current extracted from Q7 is about 9.5рА. The latter has the advantage of using a smaller 
resistor and, as well provides a (small) signal component of a reinforcing polarity from the collector of 


Qs via Q7. 


For inputs limited to the supply range, the worst case is for one of І, + and І, — connected to +15V (say 
I,--) and the other (say 7, —) to —15V, in which situation the collector junction of Q, has 15 ~ 0.7 – —15 
= 29.3V reversed across И. OK. Also the EBJ of Q, and О, are reversed in series, with a combined 
rating of 7 + 50 = 57 > 30. OK. 

Now for inputs outside the supply range: For 1„+ or I,— positive, the base-collector diode of Q, (say) 
conducts, reversing the EBJ of Qg, Qs. The greatest allowed voltage is 7 + 2 (0.7) = 8.4V above the 
positive supply. | 

For 1,4 or /,— negative, the most-negative input stresses the CB junction of Q% (say) to 50V when Vj, 
= 30 — 0.7 — 50 = -20.7V below the negative supply. 
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SECTION 10.2: DC ANALYSIS OF THE 741 


10.5 


10.6 


10.7 


10.8 


10.9 


10.10 


10.11 


Rrer 


From the preamble to Eq. 10.1 on page 816 of the Text, Узе — Иво = Icio Ra, or Vr In - Үг 


1 К 1 
In mE Icio R4, or Ут In = 


k Is Cl 
-6 
0.5, 25 х 1073 In Sxgmx 2) = Icio X 5000. Now, for Ici = i in pA, In 365] = 24, or i =51п 
C10 | | 

365/i. Use a process of trial and success: i = 10рА — i = 5 In 365/10 = 17.98, i = 154A > i = 5 In 
365/15 = 15.95, і = 15.5НА - i = 5 In 365/15.5 = 15.8, i = 15.74A - i = 5 In 365/157 = 15.7. 
Thus, Icio = 15.7рА. 
Normally for k = 1, 25 In 730// = 5i, ori = 51n 730/i, = 19 + i = 5 In 730/19 = 18. 24, i = 18.5 — 
i = 5 In 730/18.5 = 18. 4. Thus for Iger = 730.00pA, Icio = 18.45uA (or so). Thus for k = 0.5, from 


25 х 107 0.5(730) 
1). Rg = —————— In ————— = 4.04kQ. | 
(D. Ra = oe а igas = 404КО. Use 4kQ 


= Icio R4 - – — (1). For Iker = NOLA, R4 = 50000, and k = 


For Qj through Qa 15 = 107A, n = 1, and Jc = 19/2 = 9.5uA. Thus Увс = Vr In И; = 25 In 


33102. T : = 516.8V. Accordingly, the voltage on the bases of Оз, Q4 is —2 (516.8) = —1.034V. 


Use the fact that Vggg = 517mV and Ige = [gs = 9.5uA. Correspondingly, Vg; = 0.517 + 9.5 х 10 x 1 
х 10? = 0.5265V, [єт = (Ic + Ics) B + .5265/50КО = Їс 20 + 11.3рА, and Ig] = Ice (202) + 11.3/B, Ic3 


= [cs + Іру = Ico + Ig] = Ico + Ic 2”) + 11.3/B, whence Їсуїсс = 1 + 10р?) + yn 21410) 
C6 


" Т (11.3/9.5) = 1 + 1283? + 1.19/B. Thus Іс6сз = 1/(1 + (202) + 1.19/B). For В = 200, 


1 1.19 
Ісвїсз = 


*L— + —— | = 1/01 + (0025 + 1.19)/200) = 0.994. 

2 (200)? 2007 
For high p, ignore the base current of Оз. For Ics = І, Icg = 19 — I, for I in pA. Now, Үвез = 25 In 
ІЛ; = 25 In 10 1, and Увкв = 25 In (19 — I) 10". 
For R, shorted: 25 х 10? In (10! 7) = 25 х 10? In ((19 — /)10!*) + 1 x 10? (19 — I), whence J = 19 
-25 In (//(19 — I)) with J in pA. Try J = 10 7 = 19 — 25 In (10/(19 — 10)) = 1637. Try J = 12 
—1219-251n 12/7 = 5.52, try I = 11 — I = 19 - 25 In 11/8 = 11.04. Thus Ics = 11.0p4A, for 
which Іс = 19 — 11.0 = 8.0pA, and /ce/Ics = 8/11 = 0.727. 
For R, shorted: Увс, + R4 I = Vege, 25 In (1/15) + R41 = 25 In ((19 – ГУЛУ), Ry = 25 In ((19 — 
DIE), 1 = 25 1а ((19 — IVI), for I in pA. Try I = 8A — I = 25 In (19 — 8y8 = 7.96. Thus Ics = 
8.0ДА, for which /с = 19 — 8 = 11.0рА, and /с6/1с5 = 11/8 = 1.375. 


8 x 10° 11x10% — 


For 8HA in Qı, and 11НА in Qo, Уз = 25 In д = 512.5mV, Vega = 25 In р = 


520.5mV. Now the offset (due to the npn + pnp devices) = 2 (520.5 — 512.5) = 16mV, the negative 
input being higher with Аз shorted. The offset is -16mV for К shorted. 


518 105. 38.1k0, Now, 
16.2 x 10 


-3 
for Ic? = 550ДА, 1517 = 550/200 = 2.75нА, for Igg = 4 (2.75) = ПрА, Ro” = S18 10 „ 56kQ. 


At present, Урғу = 618mV, and Igi = 16.2НА. Thus, the revised Ry = 


231 х 1079 


3x jo M = 569.1mV, and 


For the current in О 4, Q20, increased to 1.5 (154) = 231рА, Ирк = 25 In 
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Vag = 27 x 231 x 1075 = 623mV. For Rg = Ку = 00, Vgg = 2 (569.1) = 1138.2mV. For Кє = R} = 
27, Ves = 2 (6. 23 + 569. 1) = 1150.7mV. Now Үвв = ҮвЕ18 + VBE19; and with high р, VpB = 25 In 


(180 x 10° — V V 180 У 
ЕТТ == ET BER io) + 25 In Mae ie® 10) aia 10) , Or for Vpggig Rio in ҺА, Vag = 25 In (180 — Ивета) ELS 
V. 
р к ---(1) 
107 


Now for Кє = R4 = OQ, Vgg = 1138mV, Varig = V, Rig = К. From (1), 10:5 In^! 1138/25 = (180 – 


+ 2... Ёс 
YR) x (VR) = 5876, or (WR)? — 180 (WR) + 5876 = 0, >. _ +180 + V180" — 4(5876) _ 180 242 


138.2 х 10 
= 42.8рА. Thus Igis = 180 — 42.8 = 138.2НА, Vagis = 25 In р — = 5837mV. Thus Rio = 


583.7/42.8 = 13.6КО. Check: Vggig = 25 In 42.8 х 108 = 554.4mV, апі Vgg = 583.7 + 554.4 = 
1138.1mV, as required. 
Now for К = Ку = 279, Vgg = 1151mV, Vggig = V, Rig = R. From (1) 10:5 In^! 1151/25 = (180 — 


VR) х (0/К) = 9766. 
180 + V180? – 4(9786) _ 180 + j81 
2 g 2 * 


See the result is imaginary, that is it is not possible to provide the desired operation by varying R o. 
To check this fact, note that the largest real value of WR = 180/2 = 90pA, at which Vgg = 25 In (90 x 
10*5) = 573mV, for which Vgg max = 2 (573) = 1146mV < 1151mV required. 


Thus (WR)? — 180 (wR) + 9766 = 0, and = - 


SECTION 10.3: SMALL-SIGNAL ANALYSIS OF THE 741 INPUT STAGE 


10.12 


10.13 


10.14 


6 
From Eq. 10.4 of the Text, Кш = 4 (By + 1) re, whence r, = METAN = 4.97КО, for which ЈЕ 


25 x 10? . 4 
497 x IP = 5.03рА, reduced from the present value of 9.5ДА. For this change, Gmi, = 2 


180/181 
2497) ^ 0.1mA/V. 


Generally, Ко = ro [1 + g, (Re ll rz)]. Here, re = 2.63kQ, and гд = (B + Ire = 201 (2.63) = 528.6kQ, 
2 


with r = 5.26МО, where gn = Š = РТТ в = 0.378 тА/У. Thus, Rog = 10.5 x 106 = 5.26 
е : 


x 10° [1 + .378 х 10? (К, 1 528.6k О))]. 


10.5 1 p 
R3 1 529kQ = — 1) ———— = 0.996(0.378 x 1073) = 2.635kQ, and 
: (526 777378 х 10? i 


R522.6351(—529)k Q = 2.65kQ. Thus Ro; = RogglRg4 = 10.5/2 = 5.25МО. For Gmı = 1/5.26mA/V, 
and for the new situation, Ay, = 3 x ё х 107 x 5.25 x 106 = 1000V/V. For the old, Rog = 5.26 х 106 
[1 + .378 х 10? (1kQ Il 528k Q)] = 7.25МО, and Ro, = Rog ll Rog = 10.5 1 7.25 = 4.29MQ, for which 
Ay = —— x 103 x 4.29 x 106 = 815V/V. 


5.26 
| | AR (Иб). 
Use К, = К, = 2.65kQ = К. From Example ын Vos = R+AR+r V with A R = .02 (2. 65) = 53Q, 
5 3 -6 
indus Ax ae = 2.63kQ, where Сы = 1/5.26mA/V. Thus Vos = 2225226 X IU X 23 X I0 
9.5 x 10- (2.65 + .053 + 2.63) х 10 


= 0.497mV. This is .497/.3 = 1.67 of the original, or 67% larger, although the resistors are only (1 — 
2.65/2), or 33% larger. 


10.15 From Ex. 10.9 of the Text, Gmcm = Po aR ‚ where B, = 50, res = 25пУ/9.5рА = 2.63kQ, and 


х 


2К, К + es 
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R, = Rog ll Куо = 2.43MQ. (From Ex. 10.10), and R; = R = 1kQ. For CMRR = 80dB, С,/Сус = 


-4 
104, ог Сусш = 1074 Gg; where С, = (1/5.26)mA/V, ог Gmem = oe т 5 TT 104 
| is m ; 20 X 


LX ——————— 
5.206 x10* 2 (2.43 х 106) (1+ 2.63) x 10? 
3.63 x 10? x 2 (2.43 x 10°) 


, 


АК = 5535-17-40 = 07.19. The corresponding tolerance is 67/1000 x 100 = 6.7% ог 
+3.4%. | 
Add resistors of value Rg in series with the emitters of both Од and Оо. Now, for the p-channel dev- 


ices, Уд = 50У, В = 50, (rather than 125Vand 200 for О |). Now, since Icio = Ico = [cg = 191A, г, = 
Vr . 25mV | | 
SS = 1.29КО, = = : = : > £m = = : = 
гр ТПА (5150) КО, r = (B+ 1)re = 51 (1.29) = 65.8kQ, р Q/r, = (50/5 1)/1.29 
0.760mA/V, r, = М/с = (50/019) x 10%) = 2.63MQ. From Equation 10.7, want Ro = r, (1 + 
Rg (65.8) (.760 
£m (Re ll гд) to be 31.1MQ. Thus 31.1 = 2.63 (1 + .760 х 10° (К 1 65.8 x 109), Soe) 
Rg + 65.8 x 10° 
= 31.1/2.63 - 1 = 10.83. Thus 50 Rg = 10.83 Rg + 712.6, and Rg = 712.6/(50 — 10.83) = 18.2kQ. 
Thus use resistors Re = 18.2КО. In this case, Rog = Roig = 31.1MQ, and Ro = 31.1/2 = 15.6MQ. Now 


Bp AR AR 
Gmem = Re m where Bp = 50, => = .02, whence AR = 02 (1КО) = 0.02kQ. нэ Ics = 
йэй. аа ЕИО А: = DOO: “ТН: E EEEE ОСС 


2 (15.6 х 109) (1 + 2.63) x 10? 


ml 


0.0088 A/V. Now G,,; = 1/5.26mA/V as noted below Eq. 10.6 in the Text. Thus CMRR = ——— = 


mcm 
15.26 х 1073) 


SOONG иша ыы 107 = 86.74В. 


SECTION 10.4: SMALL-SIGNAL ANALYSIS OF THE 741 SECOND STAGE 


10.17 


10.18 


The situation is one in which the base of Q»55 is joined to the emitter of Q7, with 1kQ connecting the 
emitter of Q25 to —Vgg, and the collector of 055 connected to the emitter of 016 joined to the base of 
О у. Here, the collector current of 025 is the same as that in Ос, namely 9.5НА, for which ro?5 = Vac 
= 125/(9.5 x 1079) = 13.2MQ. Now Гс = 730НА, [ву = 730/200 = 3.654A. Thus the emitter current 
of O16 = 9.5 + 3.65 = 13.15НА, for which re16 = 25пУ/13.15рА = 1.90kQ. Also re7 = 25тУ/730рА = 
34.20. From Eq. 10.12, Ri; = (B + 1) [7.16 + 7025 II (B + 1) („уу + Rg)]] = 201 [(1.90 х 10? + (13.2 х 
109) 1 (201 (34.2 + 100))], ог Rj2 = 201 (1.9 x 10? + 27.0 x 10°) = 5.81MQ, (rather than the 4.0MQ 
found previously). 


For R;2 = (p + 1) 17616 + 7525 | ((В + 1) (rci; + Ёз))], or К; = 4 х 106 = 201 [1.90 х 107 + 13.2 х 
106 1 (201 (342) + Rs))], 199 x 10 = 190 x 10° + 6.87 x 10° + 201 Rg, Rg = 


" Ro I Ку 
(19.9 — 1.9 — 6.87) x 10° ici Ку! Куу + reis 
Aa ш 55.40. = — = ———————5——, шон 1 
201 55.40. Now Gm2 хэн ЕЕ. where Rj17 = (pj; + 1) 

(617 + Rg). Here, reig = 1.90kQ (from the solution to P.10.17 above). Thus, Куу = 201 (34.2 + 55.4) 

200 x 18.01 

201 18.01 + 1.90 _ _ ee. 
= 18.01КО, and Gm2 = aa ee S 0.01A/V = 10.0mA/V. This is to be compared to 


6.5mA/V found previously. Now Ro2 = Ro, jap WW Roiz, Where К, эв = Голзв = 90.9kQ, and Roi7 = 7о17 
1+ Rs || , Where гт = —————— = 0.227MQ, such that Куу = .227 х 106 (1 + 200/201 
(1 + 8mi7 (Rs ЇЇ гд) 011 = x 106 о17 ( 


х (1/34.2) (55.4 Il (201 (34.2))) = 00.59МО. Thus R,? = 90.9kQ І 590КО = 78.8kQ, and the open- 
circuit voltage gain is -Gm2 Ro2 = —10.0 x 10? x 78.8 х 10? = —788V/V, compared to —526.5V/V 
found previously). Thus the change of bias network produces a gain increase of (788/526.5 — 1) = 0.50, 
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or 50%! 


SECTION 10.5: ANALYSIS OF THE 741 OUTPUT STAGE | 
10.19 For the basic design, Коз = 81kQ. Now, for Кү = 2kQ, Куз = Вз (74kQ) = 4(81kQ) for which, Вз = 


10.20 


(81/74) (4) = 4.38. Now the second-stage gain is А) = -Gm2 К,» 


of page 716 of the Text) Gm2 = 6.5mA/V, and R,2 = 81kQ. 
4 (81 x 107) 
4 (81 x 10°) + 81 x 10? 


3 
— —  —, where (from the bottom 
Кз + Ror 


Thus A, = –6.5 x 10? x 81 x 10? x = —6.5 x 81 х 4/5 = -421V/V 


Ro2 


Воз + 1 


Boo + 1 
(using the data on page 833 of the Text), R,2 = 81kQ, Bz = 50, г, әз = 1390, Bop = 50, г, = 59, R} = 


t3 


(as contrasted with —515V/V available with high B23). Now Ro = + гоо + R4, where 


Rome 976590, 


Assume the base current of Q4 to be i. Thus the collector current in {5 is 180 — i and the base 
current of О 5 is (180 — T Thus (һе load current is (В + 1) / + 180 — i = Bi + 180, while the 


180 72 | = (B+ 1) i, for which Vag is = Re (В + D i, with Icis = 180 — 


current іп Ко is (D + 1) i ~ B 
| (180 — i) (1079) 


i. Thus 27 (B + 1) i x 105 = 25 x 10? In | TET ‚ with i in pA. 


For В = 400, i in pA: 10% x 27 (401) i = 25 x 107 (In (180 — i) + In 105), or 10.83 x 10? = 25 x 
10? (In (180 — i) + 18.42), = 2.31 In (180 — i) + 42.6. 


Try i = 100, і = 2.31 In (100) + 42.6 = 52.2НА; 

Try i = 52, i = 2.31 In (127.8) + 42.6 = 53.8рА; | 

Try i = 53.8, i = 2.31 In (126.2) + 42.6 = 53.8pA, for which J, = 400 (53.8) + 180 = 21.7mA. 
Note that for low БВ, below about 100, the output will be B-limited: 
For В = 200: 10% х 27 (201) = 25 x 10? (In (180 — i) + In 105), i = 4.60 In (180 — i) + 87.74. 

Try i 2 50, = 4.6 In (130) + 87.7 = 110; 

Try i = 110, = 4.6 In (70) + 87.7 = 107.2; 

Try i = 107.2, i = 4.6 In (72.8) + 87.7 = 107.4, for which J, = 200 (107.4) + 180 = 21.6mA. 
For В = 100: 10% (27) (101) i = 25 x 107 (In (180 — i) + In 10%), i = 9.17 In (180 — i) + 168.9 

Try i = 150, i = 9.17 In (30) + 168.9 = 200; 

Try i = 175, i = 9.17 1п (5) + 168.9 = 183.6; 

Try i = 179, i = 9.17 In (1) + 168.9 = 168.9; 

Try i = 178, i = 9.17 In (2) + 168.9 = 175.2; 

Try i = 177, = 9.17 In (3) + 168.9 = 178.9; 

Try i = 177.5, i = 9.17 In (2.5) + 168.9 = 177.3, for which J, = 100 (177.3) + 180 = 17.9mA. 
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SECTION 10.6: GAIN AND FREQUENCY RESPONSE OF THE 741 


10.21 


10.22 


10.23 


Using the results of the solution of P10.18 above, 
the overall gain is Ay = —С„ (Ro; ll Riz) X 

(-С,2 Roo) U [OUR 
is very large, where С. = 1/5.26mA/V, Ro 
6.7МО, К; = 40MQ, Gm2 = 10.0mA/V, К, 
78.8kQ, u = 1.0, Rp = 2kQ, R, = 39 + 27 = 660 


(from page 833 of the Text). Thus A, = + тэс х 


1077 (67 x 10614 х 105) (10.0 x 10? x 78.8 x 


3 
10) x 1 x = = 362.6 х 10° = 111.24В. 


For the pole associated with Сс, at the base 


lAldB 


120 , assuming that Ris 


100 


1 1010010 10510 10° 


of 016 C; = Cc (1 - gain) = 30 x 10? (1 — -Gm2 Ro2) = 30 x 107? (1 + 10 x 10? х 78.8 x 10) = 
23 x 10°F, R; = Roy ll Roz = 6.7МО 1 4.0MQ = 2.5 x 1060. Thus f, = ——— 
2n x 23 x 10? x 2.5 x 10° 


= 2.77Hz, for which f, = 363 x 10° x 2.77 = 1.00MHz. Note that f, is the same, since the increased 
gain is in the Miller compensation stage! 


Using the gain result on page 832 of the Text, see that for customized compensation with capacitor Cc, 


] 
C; = Cc (1 ~ - gain) = Cc (1 + 515) = 516Cc, where f, = mC R’ 516 Cc = 2n f, R; = 
1 


2n fp (2.5 х 105 ' 

(a) 45° phase margin occurs when the first pole contributes 90° and the second 45°, where f = f tan 
45° = f, at the frequency of the second pole, say at fı = AMHz. Now for Ау = 10°, for which 
В = 10^, the first pole should be at fp? pr = 1kHz, for which Cc = 1.23 x 10719410? = 
0.123pF. The corresponding 3dB frequency is at 10° (1 + АВ) = 10? (1 + 243 x 10? x 107) = 
244kHz. Now for Ау = 10°, for which В = 10~, the first pole should be at f, = 5 = 
10*Hz, for which Сс = 0.0123pF. The corresponding 3dB frequency is at 10* (1 + 243 x 10? х 
10%) = 253kHz. 

(b) 60° phase margin occurs when the first pole contributes 90° and the second 30°, where f = f2 tan 


30° = 0.58 fo, or f = 0.58 fı = 580kHz. Now for Ау = 10°, for which B = 107°, the first pole 


should be at f, = EC = 0.58kHz, for which Cc = 1.23 x 10719/,58 х 10? = 0.212pF, and 


/зав = 0.58 x 107 (244) = 142kHz. Now for Ау = 10°, for which B = 10~, the first pole should 


6 
nw = 5.8kHz, for which Cc = 0.0212pF, and / зав = 5.8kHz (25.3) = 146kHz. 


whence Cc = 1.23 х 1010/7. 


be at fp = 


| 2 (9.5) х 1079 
SR -21/Сс, where I = 9.5рА ог Cc = 0.123pF and .0123pF, for which SR = “зэс = 
154V/usec. and 1540V/usec. respectively. Now, from Eq. 2.33 on page 100 of the Text, the full-power 


6 
bandwidth is /м = EU = 2. = 2.45MHz, and 24.5MHz respectively. 


2n Vo max 27 X 10 
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10.24 The output stage is a Class AD type. Its standing current is defined by the current in Qs, being Ics = 
SOOLA, and the fact that Q is four times larger than Q5, being lcg = 5 х 500ДА = 2.5mA. 
For the gain: TES l = I} = 14 = 50uA/2 = 25A, rep = 17) = 25mV/25uA = 1kQ, гоз = гол = 200V/25 
х 10° = 8MQ. Is = 500НА, res = 25 х 107/500 х 1079 = 500, ras = 121 (50) = 6.05КО, ros = 
200У/500рА = 400КО. 1, = 1.0mA, reg = 25mV/1.0mA = 250, rag = 121 (25) = 3.025КО, ros = 
200V/1.0mA = 200kQ. For output-stage operation, assume the gain to be controlled primarily through 
the Qs, Q7 connection. Now with 77 = 1.0mA, /,7 = 25Q, гъ = 200kQ, and with a 10kQ load, Rz’ = 
10КО 1 200k Q 11 200k Q 2 9.90kQ. At the base of 03, R;, = 121 (9.09kQ) = 1.1MQ, and the load on 
Qs = ros Il Rin = 400КО 1 1.1MQ = 283kQ. Thus, the gain from the base of Qs О; to the output 
_ 293 x 103 9.09 x 103 . 
= ———— = —5860V/V. Now at the base of Qs, the resistance is Rr = 


х ———— — 
50 10 + 9.09 x 10? 
год ЇЇ roz ll ras ll гд, = 8x 109118 x 10° Il 6.05КО Il 3.025kQ = 2.017kQ. Thus the gain of stage 1 


3 
A = 2.02V/V. Correspondingly, the overall gain = 2.02 х 5860 = 11.8 x 10? V/V. At the 


base of Qs, Rr = 2.017kQ, Cr = C(1 ~ -5860) = 5861C. Since f, = ——————, Ст = 5861C = 
2n Кт Ст 
1 


2n х 2.017 х 10° x 1 x 10?" 


whence C z 13.5pF. 


SECTION 10.7: CMOS OP AMPS 

10.25 For Оз, Qs, Оз, Ip = 254A, К = 1/2 (10 x 1075) (200/10), = 1004A/V?, rg = Vip = 25У/25ДА = 
1МО. 25 = 100 (ugs — 1)?, or Vgs = (25/100)^ + 1 = 1.504V, gn = 2K (0с; – У,) = 2 (100) (0.50) = 
1001A/V. 
For Qi, О, Ip = 25/2HA = 12.5рА. K = 100pA/V2, r, = 25/12.5uA = 2МО. 12.5 = 100 
(Ves — 1), or ugs = (12.5/100)^ + 1 = 1.354V/V, gm = 2 (100) (.354) = 70.8pA/V. 
For Оз, Q4, Ip = 12.5рА, К = 1/2 (20 x 100/10) = 100LA/V2, r, = 25/12.54A = 2МО, 12.5 = 100 
(ugs — 1}, ог 065 = 1.354V, and gm = 70.8uA/V. 
For О, Ip = 25рА, К = 1/2 (20 x 109) x 200/10 = 200mA/V?, rọ = 25V/25pA = 1MQ, 25 = 200 
(ugs — 1)^, or ugs = (25/200)^ + 1 = 1.354V, gm = 2 (200) (.354) = 141.61A/V. 


Ip (ВА) 


dAVgsK( V) 


8m (НА/У) 


ro (MQ) 


аР, 6 6 (1075) 70. 
For Gains: A, = ES Lodi ы оа ы ш MD HAE = 35.4V/V. For no load, А» = 


~ Veni Ий 2. (170.8 x 10°) | 2 
8m6 (roe ll гол) = 141.6 x 109 x 1 x 106/2 = 70.8V/V. Overall, the open-loop gain = A, А») = 35.4 
(70.8) = 2506V/V. 
For the Input Common-Mode Range: Input High: Vgs = 5 — 1.5 + 1 = 4.5V, Үс; = 1.35. Thus, V; S 
4.5 — 1.35 = 43.15V. Input Low: Vp3 = —5 + 1.35 = —3.65V, Vgp; = -1V, Vj 2 -3.65— 1 = —4.65V 
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For the Output Common-Mode Range: For triode operation of the output devices, the output range is 
+5V. For saturated-mode operation, V, < 5 -1.5 + 1 = 4.5У, V, 2 —5 + 1.35 -1 = -4.65V. 


For [rer = 124A: Reduce all currents in the Table on page 842 of the Text, by the factor 12/25 = 0.48. 


Ip (HA) 


IVasl (V) 


£n. (АГУ) 


r, (MQ) 


For Оз, Qs, Q7, К = 1/2 (10 x 10%) (150/10) = 754 A/V?, Ip = 124A = 75a A/V? (vas - 1), 065 = 
(12/75)^ + 1 = 1.4V, gm = 2 (75) (1.4 — 1) = 60uA/V, r, = 25/12 = 2.08MQ. 


_ For Qi, Qo, K = 1/2 (10 x 10%) (120/8) = 75нА/У?, Ip = 12/2 = 64A = 75 (vas — 1), осу = (6/75) 


10.27 


10.28 


+ 1 = 1.283V, gm = 2 (75) (.283) = 42.5рА/У, r, = 25/6 = 4.17MQ. 


For Q4, Q4, K = 1/2 (20 x 10%) (50/10) = SOLA/V?, Ip = 6A = 50 (ugs – 1), vgs = (6/50)* + 1 = 
1.346У, gm = 2 (50) (ugs — 1) = 2 (50) (.346) = 34.610A/V. r, = 25/6 = 4.17MQ. 


For Од K = 1/2 (20 x 1076) (100/10) = 100pA/V2, Ip = 124A = 100 (ugs — 1)?, Vgs = (12/100)^ + 1 
= 1.346У, g,, = 2 (100) (.346) = 69.2А/У, r, = 25/12 = 2.08MQ. 

Now A, = —8m1 (roo Il ro4) = —42.5 x 10% (4.2 1 4.2) х 106 = —89.25V/V, and А, = —gm6 (ros ЇЇго1 = 
—69.2 х 107$ (2.1/2) x 106 = ~72.7V/V. Thus Ag = A, A2 = (89.25) (72.7) = 6488V/V. Also V; CM max 
= Vpop ~ IVgss! + 1Л - 10651 = 5 — 1.4 + 1 — 1.28 = 3.32V, v; CM min = —Vss + IVgs3l — V, 2-54 
1.35 — 1 = -4.65V, Vo max = Vpp — Ves7l + IV, = 5 – 1.4 + 1 = 4.60V, vo min = ~Vss + lVGs6l — IV, 1 = 
-5 + 1.35 — 1 = —4.65V. | 


For Ов, (W/L)g = 50/10, К = 1/2 (20) 50/10 = SOWA/V?, Ip = 25 = 50 (ugs — 1)?, 065 = (12? + 1 = 
1.707V, gm = 2 (50) (.707) = 70.7pA/V, ro = 25/25 = IMQ. A, = -70.7 (1/2) = -354V/V, A, = 
—62.5V/V (from Example 10.2), Ag = A, A2 = —62.5 (35.4) = 2212V/V. Now for Ig = I} = 25pA, 


9656-1054 1.707 – 1.5 _ 3.3mV 


0656 = 1.707V. But vgsg4 = 1.50V. Thus, the input offset = А, = 62.5 


From the solution of P10.26 above, and the development following Eq. 10.50 in the Text, Кү = ro2 ll r4 
= 4.2/2 = 2.MNMQ, R5 = г,7 Il fog = 2.1/2 = 1.05МО, С, = рь = 42.1 A/V, Gm2 = 8m2 = 609.24A/V, 


С -6 
fi Эс х тэ ‚Сс= = _ E = 6.76рЕ. For a zero at eo, R = 1/Gm2 = 1/8m2 = 1/69.2 x 10% = 
Gm2 


14.5kQ. For С», the 10pF output capacitance, and Сз > > C4, the second pole is at f? = an С Е 
2 


69.2 x 1079 РЕ Е . : 
————————— = 1.10MHz. Excess phase at IMHz is (ап (1/1.1) = 42.3. For 6° excess phase at 


2n х 10 х 197? 

f, tan! LL = 6°, or f = 1.1 x 1051 = 0.116MHz, for which Co = сав 222240 
bt Ti idc ' í C 2nf,  2nx.116 x 106 
58.3рЕ 15 required. Slew rate, SR = 2I/Cc where 21 = 12А. For the case, of 42.3" excess phase, SR 

12 x 107 12 x 10% 
= —————— = 1.78V/ For 6° excess phase, SR = —————— = 0.206V/us. 
6.76 x 10712 шиг 4 583 x 102 i 
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10.29 For Jz = 5 pA, and using the rearranged form of Eq. 10.58 on page 849 of the Text: 

Кв = [202 x 20 x 10° x 2m x 5 x 10798 | x [((2m/2)^ — 1] = (Vin ^)(1 x 10°)(m” — 1) = 1 x 105 x (1 — Ин?) 

Now £512 = (li Cox (W/L)igIg)^, = (2 X 20 x 108 x 2m x 5 х 10:^ = 20 x 10%m*, 

and with the currents іп Q;? and Оо equal, with р, = 2.5 Ир, 

Ето = 21210, (W/]L)i5]^ = 20 x 10 9m^(2.5m)^ = 12.65 x 10 A/V.. 

(a) Form = 2, Кр = 1 x 10%(1 — (12)^) = 29.3 КО, 
and #12 = 20 x 10762 = 28.31A/V, and gmg = 12.7 х 10% = 12.7НА/У. 

(b) For m= 5, Rg = 1х 1051 – (05)*) = 55.3 КО, and ры = 20 х 10645 = 44ЛДАУ, and 
Em9 = 12-7AAN. 

For the loop gain: {Note that the cascode transistors О уо and Q4; provide unity current gain.) Assume 

a fixed bias current /в and inject voltage v at the gate of Оо and measure the return as Vosg- 

Thus ig = 25,90, and 9,13 = (6,13) = 19@м1з› 512 = UgsiY(l/g513 + Rg), and 

Vgs8 = 1128тв = (1@м8)С/(1@„12 + Rg))(Vgmi3)(8moU). 

Thus the loop gain is L = 06580 = (g59/8ms)(Em1X8m12 + £mi3Rp). 

Now, 8m8 = 8m9 £n13 = min Ип)”, and Rg = (mim — 1). 

Thus г„1зЁв = 2(1 — Ип”), and L = WK Ит” + 2 — Yn”) = 2 — Vim^. 

Overall, L = 2 — Ит“. 

Now form = 2, L = 1.29 V/V, and form = 5, L = 1.55 V/V. 

Note that the loop gain is less than 1 for small m where 2 — Ип” = 1, Vm" =1, or m = 1. 

See that as m gets larger, Rg gets larger, a marginal disadvantage, but that as m approaches 1, Кв 

approaches 0, implying lack of control and sensitivity to minor variations in device parameters. Clearly 


m must be large enough (for example) to exceed the uncertainty in mirror gain due to the effect, for 
example, of V4. 


SECTION 10.8: ALTERNATIVE CONFIGURATIONS 
FOR CMOS AND BICMOS OP AMPS 


10.30 For the Wilson mirror (Fig. 10.26) in the Text, Vpjs2 — Vilic + Vos3c + Vosa = -Vss, Or 
VaBiAs2 = —Vss + V; — 2 Vgs. Thus the minimum voltage between Vgj4s; and Vss is 2Vgs — V. Now 
from Eq. 10.62, Ro = 8mac oac Гоз = Bm rê = k (W/L) (Vgs — V,) r2. Now for the cascode mirror 
(Fig. 6.32b)), the bias situation is essentially the same, with —V, + Vgs зс + Vgs з between Vgrs2 and 
—Vss , ie 2Vgs — V. As well, R, is the same: R, = „4с l'o4C Гоа = Em ГЁ, as before. Thus as 
measured by the output resistance and output-voltage overhead, the cascode and (modified) Wilson are 
the same. However, if Q4c were eliminated, Vgj4s2 could be reduced to 2Vgs — 2V, above Vss, but the 
input offset voltage would be effected, as well. 


10.31 For 2/ = 10p4A, Ip = 5нА, К, = V2u, C4, (W/L), = V2 x 20 x 60/8 = 75 = K, K, = 1/2 x 10 x 120/8 
-75-K,r,-25/54A = 5.0MQ, 5 x 10% = 75 x 1076 (0с; — 1)?, 065 = 1 + (5/75)^ = 1.258V, gm = 
2K (065 — Vj) = 2 (75) (.258) = 38.7LA/V. Now R, = 1/2 (gm r2) = 1/2 (38.7 x 10 5x 5 x 10° x 5 x 
106) = 484MQ, and A, = g, R, = 38.7 x 10$ x 484 x 106 = 18.7 x 10? V/V. 


10.32 For the double cascode, К„лсс = (gmacc l'o4 cc) Roac = Ёт4СС Fo4 CC. Бс Гобс Ко» Ro2c = 
(8:52С Го2С) Го. Now R, = К„эс ЇЇ Ro4 cc. For conditions as in Ex. 10.28, 27 = 25рА, I = 12.5рА, К, 
= К, = 1/2 (20) (60/8) = 754 A/V?, 12.5 = 75 (vgs — 1}, ugs = (12.5/75)^ + 1 = 1.408У, г„ = 2 (75 х 
10-5 408 = 61.2НА/У, r, = 25/12.5 x 10% = 2MQ, R;4 cc = gà rè = (61.2 x 10? x (2 х 10? = 
29.96GQ, R,3c = 8m гё = 61.2 х 106 х (2 х 109? = 245MQ, R, = (0.245 І 30)GQ = 243MQ, Gy} = 
£m = 61.2 x 10" $A/V. Thus A, = 61.2 x 10% x 243 x 10° = 14.9 x 10? V/V. Total voltage from input 


sais 


10.33 


10.34 


10.35 
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to supply is —1 + 1.41 + 1.41 + 1.41 = 323V. 


Here, 21 = Ig = 10A, 1, = 1V, and K = V2k (W/L) in general. 

For Q6, От: 16 = 10A, Кє = 1/2 x 20 x 8/8 = 10nA/V?, 10 = 10 (vgs — 1)%, or 0с; = 2V. Thus 
VBiIAS3 =2+-5 =-3V. 

For Qic, Озс: Пс = 10 - 10/2 = SHA, Kic = 1/2 x 20 x 60/8 = 75A A/V, 5 = 75 (065 — 1)?, Ugs = 
(5/75)^ + 1 = 1.258V, also gm = 2 (75) (258) = 38.7БАГҮ. Thus, Увдуә = —3 — 1 + 1.258V = -2.74V. 
Use —2.75У._ 

For Qs: 15 = 10НА, Ks = 1/2 x 20 x 150/10 = 1504A/V?, 10 = 150 (ugs — 1)", vgs = (1/15)^ + 1 
1.258V, 2771 = +5 — 1.26 2 3.74V. Use 3.75V. 

For О\, Qo: Ц = SpA, K, = 1/2 x 10 x 120/8 = 75pA/V*, 5 = 75 (vgs — 1)?, ugs = (5/75)^ + 1 
1.258V, рь = 2 (75) (ugs — 1) = 2 (75) (.258) = 38.7, A/V. 

For Qac: lac = SPA, Кас = 1/2 х 10 x 120/8 = 754A/V?, 5 = 75 (vgs — 1)?, vgs = 1.258, gm = 2 
(75) 258 = 38.7НА/У. | 

Output resistance: To, Го) = 25/54A = SMA, г, = гу = 25/10ДА = 2.5MQ, roic = Loc = бас = 
ғоз = 25/5 = 5МО. Thus, Roac = mac Го4с Гоз = 387 X 10$ x 5 x 106 х 5 x 106 = 967MQ, and 
Ко2с = 8m2C loc Гот Il ro2 = 38.7 х 106 x 5 х 106 x (2.5 x 10615 x 106) = 322MQ. Correspond- 
ingly, Rọ = 967 ~I F 322 -242МО. Gain Ag = 2,1 Ro = 38.7 x 10 x 242 x 106 = 9.36 x 10? V/V. 


For all (Qi, Q2, Qic, Q2c, Озс, Qac), Ip, K, Va, and ro = 25/10 = 2.5MQ аге the same. From Eq. 

10.69, f, = LL , OF 8m1 = 2® Cy f, = 2m x 10 x 10 7? x 105 = 628А/У. Now Ip; = 10 + 10 = 

L 

20НА, and ту = 25/20 = 1.25MQ. Thus R;4c = 8m To = 62.8 x 106 x (2.5 x 105 = 393MQ, R,3¢ = 

62.8 x 10% x 2.5 x 10$ x (1.25 x 10° II 2.5 x 105) = 131MQ. Correspondingly, Ко = 131MQ Il 393MQ 

= 393/4 = 98.25MQ. Also, Ao = 8mi Ro = 62.8 х 107 x 98.25 x 10° = 6170V/V. The dominant-pole 
1 


1 
Їїедиепсу, шо--ш-ш- = — = 162Hz N SR = = = 
quency, fo = TGR, 2n x 10 х 10:12 x 98.25 х 10° саана С, 
2х10х 10° | 
—Ó— = 21и. 


10 х 10:12 


Here, Ig = 21 = 800ДА, Ip, = Ip; = 400рА. Assume р, Coy = 2, Cox = 20дА/У?, VI 1V, Ул = 

25V and К = 2umC,x (W/L). Thus Ку =K2 = 1/2 x 10 x 600/10 = 300нА/У2, 400 = 300 (ugs — 1), 

065 = (4/3)^ + 1 = 2.155V, 8т1 = 2 (300) (2.155 — 1) = 693uA/V, and the output pole is at f, = 
8н! _ 693x 10% 


22027 067 55.15MHz. For the parasitic pole located at the folding node, Igic = 
L 


| -6 
400рА and р, ус = C = lómA/V. Now at the emitter of Qc, the total capacitance is Сыс + 
| 8т1С 16 x 10? 
Св = Cr + Cy, with the corresponding pole at = ————————, and C, + C, .-----. For 
po = С, + Cy p gp Јас 2х (C, + Cj) did LI 


this parasitic pole to be 10 x higher than the output pole f,;¢ = 10 x 55.2 = 550MHz, a BJT unity-gain 
frequency which is relatively easy to achieve. 


SECTION 10.9: DATA CONVERTERS - AN INTRODUCTION 
10.36 For a 100kHz sampling frequency, the highest frequency signal component that can be sampled "ade- 


quately", as noted by Shannon, is at f = 100kHz/2 = 50kHz. This means that for a square wave at 
50КН2, the fundamental would be adequately represented, but the waveshape-specific harmonics would 
not. Note that for sampling at frequency f, = f, that for an input signal at f , output is аг, for input 
at 0.5f , output is at f/2, at 2f /2, output is dc, and at 1.1f/2, output is at 1.1f /2 for 9 or so cycles with 
a break and corresponding phase reversal occurring at a rate of (1.1 — 1.0)/2 = 0.1f/2. The figure illus- 
trates input and output waves at various frequencies f; with sampling at f, = 100kHz. For sampling in 
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а 10ns interval, with source resistance R and capacitor C, 1 — e^" &€ = 0.99, ог e^"&€ = 0.01, -t/RC = 


10 x 107 10 x 107 | | | 
—4.6, КС = ү Т? Rz Зо 10 1078 = 21.702. Thus the switch resistance should not exceed 
21.792. 
Input and Output waves at various frequencies ‘fi with 
sampling at fsu100kHz | 
vi at 50kHz | | | | | | | 
8 Io lI l 1 l 
Vo | | | | | | 
vi at 25kHz — | | | 
fs | E l | | | 
Үо | | | 
лей и ЕК ааа 
{з | 1 | | | | 
Уо | 
vi at 55kHz | | | | | | | | | 
fs 111111 | — 
(at 100КН2) | | ! Ж. ) | 
Уо. Jw) UULU Note that the, top and bottom 
(Note that ` ` ` waves are the same (either high or 
the scale has Nue ife phase shift low) at the time of the mark Lon fs 
changed) 


(and ambiguity) at 
every tenth cycle » 
for 1ix1.11s/2.- 


10.37 See that the required resolution is 0.1V in 2(5) = 10V or 1 in 100. Thus 2" > 100. Now, 2/ = 128 > 
100. Thus need 7 bits. For a 10-bit converter, 270 = 1024, and the resolution would be 10V/1024 = 
9.77mV. 


SECTION 10.10: D/A CONVERTER CIRCUITS 


10.38 Notice that there are two interpretations for this question depending on whether Ку = R72 is included in 
the specification. If not, for R = 1kQ and n = 8, 2""!R-2*R =2! R = 128kQ. But if R72 is 1kQ, 
the largest resistor required is 2 (128) = 256kQ. The LSB current is У/(27К) = 7.81УДА. Correspond- 
ingly, the allowed error is 1/2 (7.81V) = 3.91V НА (or 1.95V НА for the second view of R). PS the 


| , f t : ws eure ecce 
— current : V/R | М РЕА p a гч - ance A R. Now R RLAR < 
оаа aa aa a ул a e ВЕ КААК К 
2(ук' R К+АК ÖR К+АК, 2 R+AR 

AR 2 


-Q* AR AR 2 ZR + ZA К. Thus, — = —u “2. Now, for an MSB resistor of 1КО, A R 


< 29 10? = 3.910, or for an MSB resistor of 2kQ, AR < 7.810, Now for both resistor error and 
switch resistance each contributing a half, switch resistances less than 3.91/2 = 1.95 О, (or 7.81/2 = 
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3.91 О) are acceptable. Also, for a perfect Ry (say it is trimmed to the correct value), resistor tolerance 


allowed is > /2 = 0.39%. For Ry also variable, allowed resistor-tolerance = 0.39/2 = 0.2%. 


10.39 Тһе resistance of an К — 2R ladder as seen from the supply is 28 1 28 = К. For a 10V reference, and 


ImA, R = 10V/1mA = 10КО. See that the current in the LSB switch is P = se that in the MSB 
| 1 1 1 |1 ] 1 
tch. —— — — mA —— —— |/2, 1 - —————— = —, ————— = = ——— = 

switch. Thus 26 — JR 4 AR = OR (128 l 1+ARQR ^ 256' I £ AR2R | ^ 256 

255 256 | | 2R — 2 (10kQ) 

_ = 1 icc. da Rio ARIES, uL Ци. ao: 

25630) АКК Sore T | + sss, that is ARAR 822 255 255 m 


Now if 2R is reduced by 78.40 to compensate, doubling of the nominal switch resistance of 780 to 
15682 would again produce an 1/2 LSB error. 


10.40 For device junction area 1% in error, in both Qref and О, the output current error may be as much as 


I, 
2% Гу. For n bits, the LSB current = = г. Now, е = = х T when 2" = c = 50, for 


which n « 5 bits. If the absolute value of the output current is not critical, 6 bits is available. 


SECTION 10.11: A/D CONVERTER CIRCUITS 


10.41 The requirement is for +1V signals = 2V range, with 2 bits. Now, the range is divided into 2? = 4 parts, 
each of 1/2 volt. Thus, use 3 comparators, with references at —1/2V, 0V, +1/2V, as shown, first in a 
parallel connection, or alternatively, as 2 in cascade. Output codes for the two circuits are shown in the 
Table. 
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10.42 (a) During d, А Үү = VA А Vo = Үү = OV. 
(b) Following ®,, before bg, Vy = V4, Vy = 0, Vg = OV, held by Vy (and by stray feedback capaci- 
tance across the switch connecting output to input). 


VA — VnE 
(c) During Фр, Vy = Vrer, Vy = 0 + шин ин Vo saturates at £10V with the sign reversed from 
that at node Y. 
| Va — VREF 
(d) Following Фр, Vy = Үрер, Vy = ни. Vo stays saturated. 


Specifically, for 
1) VA > Үрер, (а) Уо = 0, (b) Vo = 0, (c) Vo = —10У, (d) Vo = —10V. 
ii) Үд « VREF, (a) Vo = 0, (b) Vo = 0, (c) Vo = +10У, (d) Vo = +10V. 


Thus the circuit operates as a comparator of V4 against Vggr. 


- 321 - 


SOLUTIONS: Chapter #10—14 


NOTES 
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Chapter 11 


FILTERS AND TUNED AMPLIFIERS 


SECTION 11.1: FILTER TRANSMISSION, TYPES, AND SPECIFICATION 


Ouai Т) = ———, To) = —— P —, iTi e IT(j o) = =e, PW) = 90 - tan ^! w, G = 20 
5 +O, jo + 0), (0^ + 0) 


log ITI dB, А = –20 log ITI dB. 
For 0) = оо, |Т| = 1, Ф = 90 – 90 = 0°, С = 20 log(1) = 04В, A = OdB. 


20), 2 -1 20 
— —jd1 zy тш = 0.894, Ф = 90 - tan 
(2090,) + 00) (5) (o 


log(.894) = —0.969dB, А = — С = 0.969dB. 


Wo 
For 020,, ТІ = (or eal) = 15 = 0.707, Ф 90 - tan ! 


For O=20,, ITI = 


0, 
= 45°, G = —3dB, А = 3dB. 


о» 


0,2 
0,/5 
0,/10 
0),/100 


0),/1000 


For 0) = œ, ITI = 0 dB, 
о = 0, ITI= -1 dB, 
© = Os, ITI = -50 dB. 
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11.3 Here, 4590 transmission variation = 0.95 + 0.05. Thus Aq = e 9) = 0.915 dB. Now, 


Amin = 1201060.05| = 26 dB. The selectivity factor (high pass) = —> = Ande = 4/3.2 = 1.25, 


5 5 
11. T(s)= E igh- i = 10rad/s. 
14 See T(s) Gy eee for a high-pass filter with œ, 10°rad/s. Now, 1Т(0) 
T | 
————Ms-. For Am, = 0.5 dB, ITI = 1079520 = 0.944. TI окыды a 2 
T a (105 дэ For А max 118, (© PES (10) 0.944, w 
0.891 (ar 4 10°), w? = 8.195 х 10%, or ор = 2.86 х 107 ~ For A min = 20 dB, ITI = 0.1. Thus 


6 — 106 3 
(9? Sao = 0.1, 100 о? = 0)? + 10%, 99%? = 10°, œ? = 10.1 x 10°, ©, = 100.5 rad/s. The selec- 
Op 2.86 x 10? 
tivity factor (high- Ss BS. 
ivity factor (high-pass) ш. 1005 
Now, for a modified filter for which f, = 10? Hz, Фр =2 n f, = 6283 х 10? rad/s. Formerly, for the 
6.283 x 10 


same shape and 0, = 10? rad/s, Op, = 2.86 х 10° rad/s. Thus the revised Q, is O, = —————— 
2.86 x 10? 


о 


21 


2.197 x 10° f 100 
<< =0.35 kHz. At 100Hz, ITA) = — y = ep = 275 = 20 10.275 = - 
2n 77 = аар 7 50 + 10027 id 


11.2 dB. Thus, А јо = 11.2 dB. 


107 = 2.197 х 10? rad/s, for which т = 1/(2.197 x 10?) = 0.455 x 1073s, and /зв = f, = 


SECTION 11.2: THE FILTER TRANSFER FUNCTION 


TE Май анал go 357708] " Viene caia ТЯН S 


(s + 1) (52+ 0.55 — j0.8s + 0.55 + 0.25 — ј0.4 + jO.8s + 0.4] +0.64) (s +1) (52+ s + 0.89) ' 


3 2 
or T(s) = 5° + 0.15 


are a Note that ITI = 1 as s — о. 
5° + 25 + 1.895 + 0.89 


11.6 Following the preamble to Equation 11.9: 
| ag з (S$? + 1 x 109) (s? + 4 x 109) (s? + 36 x 10°) (s? + 144 x 100) 
Ob abs a ~~ 
where the filter order is N = 10. From Fig. 11.4: 


3 
1x10° 2x10? ( 6x10? 12x10 
4x10? 


- 324 - 


SOLUTIONS: Chapter #11—3 


SECTION 11.3: BUTTERWORTH AND CHEBYSHEV FILTERS 


11.7 


11.9 


For a Butterworth filter of order N, € = (1044,10 — 1)^ = (109519 —1)^ = 0.349. Now, at the edge of 
the stopband A (ws) = — 20 log (1 + е? (ww, УУ? = 10 log (1 + £? (oy, ?"), or 40 = 10 log (1 + 
349? (1.6)°%), 1 + .1218 (1.6?N. = 104, (1.6* = 8.21 x 10%. Try N = 10, or 2N = 20, whence (1.6)20 
= 1.209 х 10* rather than 8.21 х 10%. Try N = 12, 2N = 24, (1.6) = 7.92 x 10%. Try N = 13, 2N = 
26, (1.6) = 20.28 х 10%. That is, 13th order will clearly do the job. For N = 13, A (œs) = —20 log (1 
+ € (wo, >" ^^ = -20 log (1 + .349? (1.6)28)-* = -20 log (1 + .1218 x 20.28 x 105^ = 43.93 dB. 


Now, for Amin = 40 dB exactly, with N = 13, A min = 10 log (1 + €? (0,9, ?"), or 40 = 10 log (1 + £? 

26 2 26 _ 104 4 264 2 13 | A „(0 Л 
(1.6) ), 1 + € (1.6) = 10°, € = (105/(1.6)/9)^ = 107/(1.6)? = 0.222. Now .222 = (10 -1)^, 
10^ 407 = .0493 + 1 = 1.0493, A max = 10 log 1.0493 = 0.209 dB. Alternatively, if А max is raised from 
0.5 dB to 0.6 dB, e = (109919 -1)% = 385. and Amin = 10 log (1 + е2 (w/o, ^) = 10 log (1 + .3852) 
(1.6)26) = 44.8 dB. Now, we can check whether the filter order could be reduced for A min = 40 dB. 
See that 40 = 10 log (1 + .385? (1.6)™), ог 1.6?" = 6.75 х 10%. Taking logs, 2N = log (6.75 x 109Лод 
1.6 = 4.829/.204 = 23.6. Thus, /2th order would suffice! 


Now, the (low-pass) selectivity ratio is f/f, = 30/20 = 1.5, A max = 1 dB, € = (10° —1)^ = 0,5088, and 
A(fs) = 10 log (1 + €? (f/f, "") or 20 = 10 log (1 + (.509)? (1.5)2%), 1 + .259 (1.5)?/ = 100, (1.5) 
= 99/.259 = 382.3. Try N = 6, 2N = 12, (1.5)? = 129.7. Try N =7, 2N = 14, (1.5)4 = 292. Try N = 
8, 2N = 16, (1.5)! = 657. Thus use 8th order, N= 8. The poles all have the same frequency w, = 27 


fp (1&)!", or o, = (2л) 20 x 10? C^ = 136.7 krad/s. The first pole (or natural mode) p, is 
given by p, = @, (—cos (90 — 11.25) + jsin (90 — 11.25)) = €, (—1951 + j0.9808). Combining p, 


with its conjugate рд yields the factor (s? + 50.3902, + 02). Likewise рә = 0, (— cos (90 — p ) + 


j sin (90 — 33.75)) = о, (—0.5556 + j 0.8315) with factor (s? 4-51.11110), + 02) and рз = €, (— cos 
(33.75) + j sin (33.75) ) = &, (— .8315 + j 0.5556) with factor (s? + 51.663 c, + 02), and p4 = @, 
(—cos (11.25) + j sin (11.25)) = о, (—0.9808 + j 0.1951) with factor (s? + s 1.9616 œ, + 02). Thus 
TG о з= —— NER 
ад (52 + 0.3902 ов + 2) (s? + 1.111 Wo s + 02) (s? + 1.663 a, s + 92) (s? + 1.962 Wy s + 02) 
Generally, ITI = (1 + =? (ww) y”. Now with f, = 20kHz, N = 8, € = .5088. At 25kHz, |Т |= (1 + 
(.5088)* (25/20)!6)-* = (1 + .2589 x 35.53) = 0.313 = 20 log .313 = –10.1 dB, or A = 10.1dB at 
25kHz. At 40kHz, ITI = (1 .2589 x (40/20)/5) ^ = .00768 = 20 log .00268 = —42.3 dB. Thus A = 
42.3dB at 40kHz. 


Here, at 0), = 20,, 0/0, = 2, N = 3. For Butter- 
worth and Chebyshev, e = (10^ "© °—1)% = (10110 
—1)? = 0.509. For Butterworth, A(@,) = 10 log [1 
+ € (o, )""] = 10 log [1 + .509? (2)6] = 12.45 
dB. For Chebyshev, A (9) = 10 log [1 + £? cosh? 
(N cosh! 0,/0,)| = 10 log [1 + .5092 cosh? (3 
cosh"!2)] = 10 log [1 + .259 cosh? (3 (1.317))] = 10 
log [1 + .259 cosh? 3.951] = 10 log [1 + .259 
(26.0)?] = 22.5 dB. 
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11.14 


SOLUTIONS: Chapter #11—5 


At very high frequencies, C is a short circuit, and o, follows 0;, such that ^,/0; = +1V/V. 


| К, 
Ко! су | Gs | 
From First Principles: Уу), = 1 + ———— = — |Крє--2-- | = — 
Р 4 Ri Ri I+ + Ws Ri 
К, + К» 1 
T" R4 К+ К+ Ку R3 Cs КК ) С е | 

1 R, Cs + 1 = К, m R; R, Cs = "m VR; C " us ine Zero 15 more pre- 

| 
cisel at m eec cc cunc ed ШЫ I. "шетшен d ed ee | D 110kHz. N t that 
как: 2m C (Ry К.) 2 n х 159.2 х 10:12 (10 Il 10°) шаал 


AL fp = Au fz, ie 11 (10КН2) = 1 (110kHz). Now for Ay = 1V/V, f/f, = 100, Aj, = Ан ff, = 
100V/V, for which R, = 10kQ, and R, = R; (100-1) = 990kQ. 


The Bandpass requirement suggests the combination of Fig. 11.13a and 11.13b as shown, with 
] 


C, Ri = ————, and CR, = ————-. 
117 5m (100)* ^. 7272. 9. 2000 

The midband gain is -КуК, = 1V/V, with Кү = 

В, = 10kQ. Now, if use R, = Ry = 10kQ, C, = 

————————— = 0.159uF. Chose C, = O.1LuF, 

2 x (100) (109) j | E 

and C= 0.01pF. Now R, = 

1 


2xx01x195x100 ^ "kA. Por gam 


—1V/V, R, = 15.9kQ, as well, with an input resis- 
tance at midband of about 15.9kQ. 


Био ыг М EE NE 
MOT la C, s (Ray + ИС) 5) 205 14 Ro C5 
T(s) =- ———ÀÀ s —- ML ee 
Ria + Rib [ы ы R PRENNE. ees R NE: NM 
g Cis " C, s (Rip + YC, 5) M 14К,, Суу 
S + 
Ts) = 14 Ru Cis | Ка + Ras + Row Roy Crs _ Ку, Су. Raw Ra Ca Rip Ci 
s 1+Ry Cas ^ Ry t Rip + Куа Rw Cis Rw Ср Ria Rw Ci ; l 
Rp С» 
тт н жЕ — га: 
(К || R5) С» Roa Rip Ci (Raa 1 R3) C; | 
ини санан a ян тий С екы ы ‚ with zeros at 
s+ VL . $4 L——- $4 —————— 
(Ria || Rio) С, R5 C; (Ria l| Rib) С, 
—À and c-— — with poles at эвэр and — OY and with a high-frequency 
Ry С, (К 1 R55) C2 К С (Ria I R45) С, 


gain of Rj4/R;,, a low-frequency gain of (Rog + R2,) (Ri, + КЬ), а mid-band gain of 
(Rog + Roy WR iq ог К/(Ё + Rib), depending on the relative locations of the poles and zeros. For a 
midband gain of —10V/V, gains at low and high frequencies of -1V/V, and 3dB points at 100Hz and 
1000 Hz, the corresponding Bode plot is as shown: 
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11.10 Required that A max = 0.5dB, A min 2 40 dB, 0,/0, = 1.6 for a Chebyshev filter. 

From Equation 11.21: є = Y 104™™0 _] = Y 100-10 L1 = 1122 -1 = Y 122 = 0.3493. From Equa- 
tion 11.22, at the stopband edge, where 0 = @,, A (@,) = 10log [1 + e? cosh? (N cosh“! 0),/0, )] = 
10108 [1 + .3493? cosh? (N cosh7! 1.6)| = 10log [1 + 0.122 cosh? (1.04697N). Now for N = 10, A = 
10 log [1 + 0.122 cosh? (1.047 x 10)] = 75.8dB, much greater than required. For N = 6, A = 10 log [1 
+ .122 cosh? (1.047 x 6)] = 39.4dB < Amine For N = 7, A = 10 log [1 + .122 cosh ? (1.047 x 7)] = 
48.5dB > А min. Thus, use N = 7, for which А min = 48.5dB. Now for N = 7 and Á min = 40dB, 40 = 10 
log [1 + £? cosh? (7 cosh™! 1.6)]. Thus 1 + £? cosh? (7.329) = 10°, or Е? = (10* — 1)/0.5802 х 10° = 
0.01723, or € = 0.1312, for which A max = 10 log (1 + £?) = 0.074dB is possible. Check: Amin = 10 log 
[1 + е2 cosh? (N cosh! œw, )] = 10 log [1 + .01723 cosh? (7 cosh™! 1.6)] = 40dB; OK. Now for A max 
raised to 0.074 + 0.1 = 0.174dB, є = (10 "0 —1)* = 0.202, and A min = 10 108711 + 0.2022 cosh? 
(7.329)] = 43.8dB, an increase of nearly 4dB of stopband attenuation in return for a 0.1dB increase in 
passband ripple!! 


11.11 Consider the question to refer to the initial specification in P11.7 and P11.10 above, for which Ama = 
0.5dB and Amin 2 40dB, with 0,0, = 1.6. Here @„ = 10°rad/s, for which @, = 1.6 x 10°rad/s, and, 
the dc gain is 1. 


Now for the Butterworth filter, N = 13, with € = 0.349, the poles are on a circle with radius 0, = @, 
(1/e)™ = 10? (1/0.349)? = 1.084 x 10%rad/s, at an angular separation of WN = 13.85", at angles (from 
the negative real axis) of 0°, 3:13.85", +27.69°, 341.54", £55.38", +69.23°, £83.08". Now p; = W, (— cos 
83.08° + j sin 83.08°) = 1.084 x 10? (.— 0.1205 + j 0.9927) = 10? (— 0.131 + j 1.076). Correspond- 
ingly, ру, руз = 10? (— 0.131 + j 1.076) rad/s; рә, рі = €, (- cos 69.23° + j sin 69.23°) = 1.084 x 10° 
(— .3546 + j 0.9350) = 10? (— 0.384 + j 1.013) rad/s; рз, ри = €, (— cos 55.38° + j sin 55.38") = 10° 
(~ 0.616 + j 0.892) rad/s; p4, Pio = 9, (— cos 41.54° + j sin 41.54") = 10° (— 0.811 + j 0.719) rad/s; 
P5, рә = Do (— cos 27.69° + j sin 27.69") = 10? (— 0.960 + j 0.504) rad/s; рс, pg = €, (— cos 13.85° + 
j sin 13.85°) = 10° (— 1.052 + j 0.259) rad/s; p; = 1.08 x 10° rad/s. 


Now for the Chebyshev filter, N = 7, with € = 0.349, and Q, = 10? rad/s, the poles are (for k = 1 to 7): 
2k -1 
N 


+ j cos 


р, 29, | -sin 2 | cosh | y sinh! 1& | | 


2К-1 x A 1 гоё 
N 2 sinh N sinh 6 


= 10? E E (90°) | sinh B sinh"! [10.349 | | + j cos ЕЭ (90°) | cosh E sinh"! (10.349 | | | 


= 10? |-0:2563sin ((2k—1) (12.86°)) + 1.032j cos ((2k—1) (12.86?) | 
Now, py pı = 10° [— 0.057 + j 1.006] rad/s; p2, pg = 10? [— 0.160 + j 0.807] rad/s; рз, ps = 10° [- 
0.231 + j 0.448] rad/s; ра = 10° [~ 0.256] rad/s. 


SECTION 11.4: FIRST-ORDER AND SECOND-ORDER FILTER FUNCTIONS 


11.12 
С For infinite input resistance, the circuit must be 


driven as shown. Use Ку = 10КО, The dc gain is 
1 + КУК} = 11 V/V. Thus КУК, = 10, and А, = 
10 К = 100kQ. For a 3dB frequency of 10kHz, 


CRy = б CS 1502. 
2 5 2 л. х 10* x 10° P 


Thus, the zero frequency is approximately at 


1 1 _ 
fı = 2nCR,  2nx159.2x10'? x10 — 


100kHz. 
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Коп + Ry 
Now, at low frequencies, ——————— = 1; at high 
^ Ria + T Г ч 
223 : + 
frequencies, uc = 1; at midband, асе 
1 


а 1а 
10. Thus Ё:, + Rap = Ку, + Кур = 10 Ria = 10 
Кол, апа Rip = 9R ja, Roy = 9К:,, Ria = Ru, and 
Rip = Ry. For Rj, = 10КО at midband, Rig = 
10КО and Ry, = 90kQ. 


10Hz 100НХ:- 1000Hz 


10, Ci = L———— = —L——————— —— = 0.177) F. 


: 1 _ 
2nxC,x10 -. 


For the zero at 10Hz, TY 9A = 


Use C, = 0.2uF, for which Ry = 


| 1 
21 х 02 х 106 x 10 


= 79.58kQ = Кр, and Ri, = Ry 
1 


79.58/9 = 8.84КО. Now for pole the at 1kHz: Zn C, Ra 
= 10°, С, = = 0.002uF. Now, 


2 хх 10? x 79.58 x 10? 


check the second pole, to be at /,2 = 


2 л. (Ria Ку) Ci 
Here Кы ll Rip = (8.84 1 79.58 0) = 7.956kQ, and /у2 = 
| 


21(71956x10)x02x109 . шашны ан 


Correspondingly, /„ = 10Hz and f,; = 10kHz. The pole- 
zero plot is as shown: 


11.15 The required response is as shown in the Bode plot below: 
IAI 
20dB 


0dB = | | 
1082 100нш | 1кКНш | 10КН2 
| — К | Raa + Ry» | 
For the circuit in P11.14 to have a gain of —10V/V at dc, pw mM 10 — — — (1). For a gain of 
la 1р 
К | 
—10V/V at high frequencies, T = 10 — ~ ~ (2). Now for a lower gain at midband, С» must provide 
la | 
а zero at 100Hz, and C, a zero at ІКН2, with Ry, shorted there (while Сү is still (relatively) open). 
2a 
Thus in the midband, the gain is —————— = 1 ~ ~ — (3). 
5 Ria + Rip 


The pole associated with С» must be at 100Hz/10 = 10Hz. The pole associated with C, must be at 
(1kHz) х 10 = 10kHz. Now, Rin 2 10kQ, Ria 2 10kQ. For Ria = 10kQ, R5, = 10 (10) = 100kQ. 
From (3), Rag = Rig + Rip, OF Rip = Rag — Rig = 100kKQ — 10kQ = 90kQ. From (1), R2, + Ry = 10 
Rig + 10 Rib, or Ry, = 10 (10) + 10 (90) — 100 = 100 + 900 — 100 = 900kQ. That is (tentatively), 


Ria = 10kQ, Rip = 90kQ, Ra, = 100kQ, R5, = 900kQ. For a zero at 1kHz, кен P = 1kHz, or 
| 2T Ry С, 
1 


—— Á——— .00177pF. Now, for a one-significant-digit capacitor, use C, = .001ҢЕ, 
2 7 X 10? x 90 x 10° 
| | 1 


Po ааа R > 0k. Соло Ray eae e 
dau pL ORE MES Nib TU ax 109 x 001 x 10 6 


С, 
= 159КО, Кы = (10/90) 
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159 = 17.7kQ, R, = 10 (17.7) = 177kQ, Ry, = 10 (159) = 1.591MQ. 
Now for a zero at 100Hz associated with С», use C; 
1 1 


2 TX 10? (R4 ПК) 2X 10? (0.177 1 1.591) 106 

999 х 10° = 10nF. Check: The pole from С» is 
1 1 

———— A —.————————————=>ш=ш 10Hz, d 

21 С,К,»  2mxl10x I0? x 1.591 x 10° m 

the pole from C, is M2r Ci (Ria lR) = 


V2 x x .001 x 10% x (17.7 Il 159) x 10°] = 0.0099 х 10° = 
10kHz. Overall, there are zeroes at 100Hz, 1kHz, and poles 
at 10Hz, 10kHz, for which the pole-zero plot is shown. 


11.16 For Fig. 11.14 modified: 


11.17 


R1 vb R2 


nec N Vo = 0р + Vp — V; = 20-10, a Gyre a See 
dE A ee ис, о К+ ИС 


2К-К- VWs RCs – 1 s — IRC 
Кыр н ыа EE алаа -— pd — : 3 a D | ( 

R 4 ҮС» Peo T(s) sa RO Sec а pole ас-ИКС and a zéro at VRC. Now a 
w, = ИКС, phase shift is +tan™! (-1) ап (1) = —90*. 


= 100 = 10kQ. 


Now, for f, = 105, C = 1.59 x 10°F, and Ib] = 90°, R = QUERI Л ы 
| 21 x 159х107х 10 
0), 1 
м = _1 EPOD CR i -i ХЭЭ ( -l R : = 
For Ф in general, Ф = tan IRC tan VR 2 (ап (0, RC), or К 2nf.C fo С 
tan(-0/2). Now, at f, = 10*Hz, for Ф = —90", R = —————— tan (- — 90/2) = 10*(1) = 
ге f Inx 10x 159x107 80 ; 2 


1040. 

For Ф| = 6°, R = 10^ tan(6/2) = 5240; for 12°, R = 10* tan(12/2) = 10519; for 30°, R = 10* 
tan(30/2) = 2.68kQ; for 60°, R = 10* tan(60/2) = 5.77kQ; for 90°, R = 10* tan(90/2) = 10kQ; for 120°, 
R = 10^ tan(120/2) = 17.3kQ; for 150°, R = 104 tan(150/2) = 37.3kQ; for 168°, К = 10* tan(168/2) = 
95.1КО: for 174°, R = 10* tan(174/2) = 190.8kQ. | 


For ©, = 10°rad/s, and 3dB bandwidth is of w,/Q = 200 rad/s, see О = 107/200 = 5. Now peak gain is 


a ais | 
ag = 1. Thus, a; = @,/Q = 10% = 200, and T(s) = = Se At Q, 
0), 2, S% 2 5 + 2005 + 10 | 
4 200 jo 200 o 1 2.2 2 
TOUW) = —————T———. At Am, = -20dB, ——————————Á——7 = —,2000* e^ = 200 o 
09) 200 jw + 106 — w? Е, (200 œ? + (106 — œ 10 


+ 10!? — 2 x 10° œ? + of, or wt + œ? (— 4 x 106 — 2 x 10° + 200) + 10? = 0, or wt — 6 x 10 œ? + 
10!? = 0, 
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46 x 106 + Y (6 x 1052 — 4 12 6+ 5. 6 | 
бейш О O сок О 205102 22539 52522210 БЭ LO cand 5:829: 105. 


2 2 
where 0 = 414 rad/s and 2.414 k rad/s. Check: 0.414 x 2.414 = 0.999 krad/s = 107 rad/s, as expected. 


11.18 | 
ITI peak 


peak 


OdB OdB 


A 


Amax=3dB 


— 


Qrad/s Qrad/s 


The response characteristics described above are as follows: For both designs, we require A max = 3dB 
at 0 = 1 rad/s, with maximum gain = 1V/V, and A min to be measured at @, = 0.5 rad/s. 


a) From Fig. 11.16b) for the response shown first, arrange that the peak amplitude is such that a2 = 1, that 


| аз О 2 1 4 2 4 2 
that ———————— = ap, =l- ,4Q0°=4 -1,40"-4 +1=0, 
is that — a oF a2, О 10? Q Q Q Q 
2 
; *4tY16-—4 (4) 15 1 azs | 
= —————— ш ‚ апа О = = 0.707. Now, T(s) = —————————— —- in general, 
Q 2 (4) | Q V2 G) 52+ s 0/0 +o? i 


1 (1)? 
| (j 1)? + j 1 0,7707 + 02 
= .707, ог 04 + 202 + 1-202 = 2, or 04 = 1, and о, = 1. Thus T(s) = 


For аз = 1, О = 0.707, œw = œ, = 1 for ITI --34В = 0.707. Thus T(j1) = 


1 


WENT PEE with Q = 0.707, and Q, = O34p = 1 rad/s. Now, for A min = IT (j М)! T (7/2) = 
$ ? 5 
. 2 2 2 . 
Заах: ees 1512 04 511 
1/2)? + 1.414 (//2) 4-1 4[(—14) + 1 + .707j] 2.828] + З 
| | 
———— > | = —20 log 0.2425 = 12.3dB. 
(2.828? + 33^ | В 
а 
(b) From the second response, see a2 = 0.707, and at the peak, i 77 29 = 1, ог (0.707 0)? = 1 
à E 
-— ©-=1-—,0%=2-——.20*=40°%-1,0*-20% +05 = 0,0 = 
: о 21 Ы e + 4” Е С а s? 
а RUE Jiu ЭКЕЕ Соу О > 1. Now, in general, T(s) = ~~, 
2 2 | sS +s 0/0 400) 
and for О = 1.707, az = 0.707, 0 = œ, = 1 for ITI = 0.707. Т(71) c UU DE C Е 
Mass sc Р тте (j1)? + j 1 04.707 + w 
EU ээн (Now, 07072 к к ог Wy — 2 02 + 1 + .343 w = 1, 
(02 — 1) + .5858j о, [((@2 — 1)? + .58582 ю217 : 
| ‚707 s 
4 2 2 22 = 
02 = 1.657 04, 02 = 1.657, Ф, = 1.287 rad/s. Thus T(s) = ————————————Á——5, or T(s) = 
5 Di б) 52 +s 1.2871.707 + (1.287)? ©) 
IOs O with œ= 1287 rad/s, and Gg = 1 rad/s. Now T(U2) = 
s? + 0.7545 + 1,657 Энн | i 
2/07 СИЗ) — —— — ——— , and Å min = —20 log 


Срд + 754 }2 + 1.657 5.628 + 1.508j 7.960 + 2.133j (7.96? + 2.1332)* 


= —20 log (.1213) = 18.3dB, ап improvement of 6dB over the arrangement in (a). 
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11.19 Use the description in Fig. 11.16d for the notch. Here f, = 60Hz, and œ, = 2 n(60) = 377.0 rad/s. 


2 2 
Now Т(5) = > +20 
52 +s —— + 3772 


the attenuation is 208 а 60 + | = 60.5Hz, or 380.] rad/s. Thus, 
, Or 


. Now, assuming the required 1Hz band to be centered, arrange that 


(j 380.1)? + 377? 21 -2347 _ 1 E 
(j 380.1)?  j380.1 (3770) + 3772 10 -2347 + 143298j/Q 


| _ 51.06/ 
| 61.06 61.06 61.06 i" 
— Or Ї + (61.060)? | = 10’, (———)# = 99, ——— = 9.95, Q = —— — = 6.136. Now the 3dB 


10 О О 9.95 
fo 60 


bandwidth is Q = 614 = 9.78Hz. 


3772 — о? 


Y 2 
(e) +377 = 0.707, | ——————— | = 0.707, 
377 - o + јо 61.4 


For the 3dB frequencies: 


2 2 
1 2 61.40 1 61.1 о 7 
—— = 0. ,1 —————— = ———— -24,———— = - i= - 
TAE 707, 12 + | : | | m | 2, ee =- stl 


1+ 
377? - о? 
+ Ү 61.12 — 4 (3171? 
sa Now 3775 e 25 6110:022:6 = 77.20, фа ВРЕ О Ез от 


2 
+ == 
3611 + 756.5 of which the relevant solutions are Den = 347.7 rad/s, and мо = 


408.8 rad/s, or 55.3Hz and 65.06Hz, for а 3dB bandwidth of 65.1 ~ 55.3 = 9.8Hz. (As noted.) 


52012 2 
For the 1dB frequencies: 20 log x = –1 — x = .891V/V, and шы ac RN = 107/20 
(jw)? + jw 377 0377 
6.14 
= 0.891, 
2 |2 
2... 702 
хаш ee eG | ete eS. ра E ра ea 
3772 — w + 61.4 jo 14 9140 _. 3772 — о)? 


= 1.2596, 
61.40 = + (377? — o») (.2596)^ = + (3772 — 02) .5096, œw? + 120.50 — 377? = 0, 
+ 120.5 + У 120.52 + 4 (377)2 _ + 120.5 + 763.6 


for which relevant solutions аге 


2 2 
1202271932. — 442rad/s or 70.35Hz, and 9:5 — 277. — 308.1 rad/s or 49.0Hz. 
А 
61.10 1 2 : 
Eo X € 711: zu. рз 
3772 - œ? | 99? | | t ог о? + 428.80) 


| Ч 428 8? 4 4 (3772) л 
aue e eene MU EE $2581 7543 


2 
591.6 rad/s or 94.1Hz, and 162.8 rad/s or 25.9Hz. 


For the 1% frequencies (from (1) above) 


, of which appropriate solutions are 
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SECTION 11.5: THE SECOND-ORDER LCR RESONATOR 


И 
11.20 Equation 11.29 indicates that: à, Ф) = Ф, | jd. | TER | 


40? 20 
0, 106 
Now BW = = 10°), = —— = 50. 
0, 7 T 20 x 10? 
Now = 0, CR, and С = —— = ——————— = 796pF. 
| Q i w, R 2т х 106 x 109 E 
R L Accordingly, L = —— = шаг 02-26 2644H. 


w2C (27x 108)? x 796 x 10? 
For a 1mA rms input at the 1MHz resonant frequency, v, = 10* x 


1077 = 10V rms. 
11.21 Here, 02 = е e = (2 п x 99.9 x 109? = (6.2769 х 10°)? = 3.940 х 107, L = с 
LC C x 3.94 x 10!7 
fo 99.9 x 10° 
the response is 3dB down at 99.9 -2 = 97.9MHz. Thus —— = 2 (2 х 10), Q = аа - 24.98. 
О 4.98 
Now = @ CR, C = = —————————— = §30.6pF, and L = 
Q o o, R 2 n X 99.9 х 105 х 75 5 
= 0.0048ИН. 


530.6 х 10^? х 3.94 х 1077 


For off-tuning Бу 100kHz, œ; = 2 x (99.9 x 10° + 0.1 x 195 = = 200 7 х 10° = 6.2822 х 10°rad/s. From 


52 + 02 1 
Eq. 11.40 for the notch (with а 21). qus) e———ÀÀ— ee. d Т(0;) = 
q О сһ ( 2 = 1), T(s) ЗЭЧҮЛЭГ AU сЕ sem (01) 


52 + 02 
6.2832 х 108 (6.2769 х 10824.98 } 1.579 х 1016 1251995 719.95" i | 


-66 2832 х 10°)? + (6.2769 х 10°)? „07913 х 1076 


—— = .050. Thus the attenuation expected would be —20 log (.05) = 26dB. 
(12 + 19.95)” 


11.22 For a maximally flat response, О = W2 = 0.707. Now, for the high-pass filter, T(s) 


а) 5 -o*? 
———————————- where a» = 1, and Т(Ј 0) = ———————————————-. For a 3dB frequency of 
52+ 5 (0,0) + 02 : чө) -o + 1.414j 0 0, + 02 сая 
100kHz: 
—(105)? l y 10 2 10\2 $2 22 үй 
~~ | = „ 2X10" = — 10 + (1.414 x 10 7, or 2 X 
-(10? + 1.414] 10° f, 472 V2 (Ue да. fo) 


1020 = £^ —2 x 1010 £2 + 10? + 2 x 101? £2 or få = (2 — 1) 10? = 1020, or f, = 10°Hz (as could be 
seen directly). Now, LC = (2m x 10°)? = 2.533 х 107". For an ideal coil, Q = œ, CR, and C = 


= 112 pF, with L = PUT Opener A н 5mH. ow for the 
х С (Сико) х 112.5 x 107 


5 
о = 2830 (їп series with L). The equivalent. 


parallel resistance is Rp = DW zu 05125 ЛЭН = 707КО. Since R, >> R, one can 


104 x 2 x x 10° 


0, L- 
coil available, Q = 278 orr= 


ignore it. 


SECTION 11.6: SECOND-ORDER ACTIVE FILTERS BASED ON 
INDUCTOR REPLACEMENT 


11 23 For the Inductance-Simulator of Fig. 11.20, L = C4 Ry Кз КУК). Use Ку = Кз = К) = 10kQ, and А; = 
10КО, to accommodate the lack of capacitor choice. Now for L = 10H and А5 = 10kQ, С, 


ХО рохо = ОЛЕ, and for L = 0.10, C, = ÊL x 01 = 
105x10*x Rs 1098, 10*x 104 10 
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1пЕ. 
; | 1 
Alternatively, for a fixed C, where ———— = 10kQ, Са = ————— = .0159uF. Use 0.01ДЁ = 
1 27 fC *  2nx10 х 107 Анна 
10nF. Now select К = Ёз = К) = 10kQ in which case L = C4 Ry R4 Кук) = 107 C4 Rs. For L = 
10H, Rs = — > = ОН = 100КО, For = 01H, Rs = О = IkQ. 
10^ x .01 x 10 


From the solution to P11.23 above, for L = 10H, R; = К, = R4 = 100, Rs = 100, C4 = 10?F, and 
for L = 0.1H, Rp, = К = Ry = 100, R5 = 100, C, = 10°F. For f, = IkHz, о, = 2 пх 10° = 628 x 


10? rad/s. Using Rs = 20kQ, with à = (ILC), or C = —-—, and Q = œ, CR. For L = 10H, C = 
i L 0; ; 

10 x (6.28 x 10°)? 
For L = 01H, C = 
x 10? = 31.9. 

(a Use R; = К) = Кз = 100, К; = 100, Cy = 10nF, and С = 254пЕ, to obtain a О of 31.9. 
(D Use дА, = R, = Кз = 100, К; = 100, C, = 10nF, and С = 2.54пЕ, to obtain a Q of 0.32. 


(c) For a design with equal-valued capacitors: For the simulated inductor L = C4 Кү Кз Кук, and 
for Ry, = Кз = К = 10kQ, L = 104 C4 Rs. Now with C = С, the resonant frequency is @, = 
1 


= .00254uF, апі О = о, CR = 6.28 x 10? x .00254 x 10% x 20 х 10? = 0.319. 


1 


97 C )^ = 2 x x 10°rad/s. 
4 
-4 -12 
Thus (C2 Rs X 105^ = КУР and А5 = ТН х ^ = шин шин or C4 = 
2.533 х 1072 ., : Md М $ 
сана еу Now, as О = œ, CR, to raise Q, keep C, relatively large. Now, if Rs is limited to 
5 
2.533 x 1072, 2.533 x 107? 
10930, C, = ( ———— —)^ = .0503uF. (Use .05uF). Now for C4 = .05uF, R; = ———————- = 
4 ( 10? ) u ( H ) 4 u 5 (.05 х 10%)? 


1.013kQ. In which case, Q = о, C4 R = 2r x 10° x .05 x 10% x 20 x 10° = 6.28. It is apparent that 
if a smaller value of Rs were allowed, C4 = C could be higher, and Q would be raised. For example, 


: 2.533 х 10°! 3 -6 3 
with С„ = C = ОВ, Ку EX 1095 ^ ee and Q -2mnx10 x.1x 10? x20 х 10° = 12.6. 


For a 5th-order Butterworth with 3dB bandwidth of 10*Hz, € = 1, and @, = 2 x x 10*rad/s, with a pole 


radius 0, = 0), (14) = 2 nx x 10*rad/s. Now poles are at 90° — цав? 82°, and 82° — = = 46°, and 


2 (5 
0 
0°. Thus the first complex pole pair has а О such that cos 82° = x = a or Q = ==; = 


1 
2cos 4657 0.7198. For the 5th pole, Q = 0.5. Use a 


cascode of two circuits of the form shown in Fig. 11.22a with one of the form shown in Fig. 11.13a on 
the right. For a straightforward design, seven op amps would be needed. To achieve a low-frequency 
gain of 10, arrange a) a gain of 1 in one second-order section using a wire. b) a gain of 5 in the other 
second-order section using 2 series 33КО, in the feedback path and 2 parallel 33k€2 to ground. c) a gain 
of 2 in the first-order section with one 33kQ in the feedback and 2 parallel 33kQ at the input. 


4 О = 0.5, Кү = 


3.593. For the second complex pole pair, О = 


1 
2 n 10* 
= 482.)pF. Use C = 400pF 1 80pF. 


Now for the first-order section (Fig. 11.13a) for which œ, = 
сааш е 
2пх 10 x 33 х 10° 


Now for one first second-order section (Fig. 11.22a), for which @, = 


33КО 1 33kO, К, = ЗЗКО, C = 


хэлүүг and Q = 3.593, use C, = 
С; = С = 400pF || 80pF, and R; = К. = Ёз = К; = 33kQ, with Rg = QR = 3.593 (33) = 118.6kQ. 
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C4 CGR, R3 Rs” 


SOLUTIONS: Chapter 411-12 


Use 120kQ. 


Now for the other second-order section (Fig. 11.22a), for which œ, = III and Q = .7198, use Са 
т 


= С = С = 400рЕ || 80рЕ, апі R; = Кз = R3 = К; = 33КО, with Rg = ОК = .7198 (33) = 23.75kQ. 
Use 24КО. 


Ку/С, R | 0) 
From Table 11.1 for the BP filter, T(s) = ——#—#—————. Now, —° = —_,, в? 
52 + ши UM + Ку -— Q Св Re 
Св К, Са С К; Кз К5 


К 
: Use C4 = Cg = C, with Ес to control Q (and @„), and Ку = Ё, = Кз = R, with 


1 1 К, 
R; to control œ. Thus 02 = ————, о, = – — — (1), and Q = œ, C Rẹ = NEN 
5 o o= GTR R CYTRR; (1) Q = 6 TRE; 


— (2). For capacitors using single digits 1, 2, 3, 5, the largest range of C to be accommodated by Rs in 


establishing @, is 2/1 = 2. Since from (1), R5 = ‚ the compensating range of А; will be 2? = 


| o2 C? R 
4. Now from (2), К; = Ч к К< О, and for О varying from 0.5 to 50 (that is by a factor of 100), and 
Rs by a factor of 4, Кє must vary by a factor of Y 4 (100) = 200. 


SECTION 11.7: SECOND-ORDER ACTIVE FILTERS BASED ON THE 


TWO-INTEGRATOR-LOOP TOPOLOGY 


C), о, 
11.27 From Fig. 11.16c) for a BP filter, see that the 3dB bandwidth is “07 Here, w, = 2 x х 105, and = 
500 х 27 or Q 210100 _ 4 Now for Fig. 11.24a СЕ = | Кз 220 — 1 dii c" 
' 500 5 ' тк Q, R3 i R; | 
| Їл -K 0, 5 
For С = InF, К = —————————; = 15.92к0. From Eq.11.59, Ty, (s) = ——————— ——;. 
27T1x10'x1*x10 s +s (0/0) + 0; 
Thus at œ, -22 28 05 Al KQ. Now, from Eq. 11.64, K = 2 — (1/Q). Th 
us at (,, —— = ——— = -КО. Now, from Eq. 11.64, К =2— | us 
V a2 + ja, (0/0) + v : 
Vip 


= -0 (2 — ПО) = -2Q + 1 = -2 (20) + 1 = —39V/V. Now using Miller's theorem at resonance 


Re we саун ашигийг 
(Wo), Rin = [эшл ^ qug 407 OW, 40 ~ y specification. us Кэ + 


Кз = 4MQ. Also T = 20 x 1 = 39 as well, and Кз = 39 К». Thus К + 39 К, = 4MQ, whence R3 


Vi 


= 100kQ and Ёз = 3.9МО, unfortunately too large. To reduce Ёз, replace the original R} Ёз circuit by 
a network. 

CTORUM | Ry 
In the original situation, V, = V; — [YA (Vi — Ум) 
= V; | 1- ИОГ: (1- -39) | = Vi | 1- a (40) | = 0. Thus the positive input node of the 
leftmost amplifier is a virtual ground (as might have been obvious already). Thus use the network as 
shown: 
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Note that since V, = 0, the vol- 


Dade . ll 100 
age z-Vy——————- 
Бе Та * 100 + R, Il 100 
E 100 + R, 100 = 39 
Vi 100 kQ 38 R, (100) _ 
(8, 100), сугу = 100, 


38 R, = 100 4 R,, 37 К, = 100, 
К, = 100/37 = 2.7kQ. Use К» = 
Кз, = Rap = К, = К, = 100kQ. 
The  center-frequency gain is 
—39V/V. 


11.28 From Ex. 11.22, for f, = 5kHz, f, = 8kHz, О = 5, dc gain = 3V/V, and С = InF, one used R = 
31.83kQ, Ry = К, = К) = 10kQ, Кз = 90kQ, Ry = 25.6kQ, Re = 42.7kQ, is = oo, К, = 10kQ. Here, 


fo = SkHz, f, = 7.5kHz, Q = 10, and dc gain = 3V/V. From Eq. 11.67, — = (= ye Cz» " 
Кү, 


-К RR. 'o2 —K Rr 
2.25. For Ri = 10kO, Ry = 22.5kQ, Rg шоо. From Eq. 11.66, dc gain = = 
| (A) L 


3R 
Here K = 2 — 1/0, with О = 10. Thus К = 2 — 1/10 = 1.9, and Rp = a = Dn = 15.79КО. 
| 


Use C = Inf, R = Sa d 31.83kQ. Use Ку = Ry = R2 = 10kQ, and Кз = К; (20 - 
2 9х5 х 10° x 10 
1) = 10 (2 (10) - 1) = 190kQ. 


11.29 Required to design a bandpass filter with f, = 10kHz, f3gg = 0.5КН2, Rin = 100kQ using С = InF, 
with a center-frequency gain of —39V/V. Thus, for the Tow-Thomas circuit of Fig. 11.26, chose the 
Q 


negative bandpass version, for which C, = 0, К) = Кз = оо, and Ку  ——————————————. Неге, 
E " UR TS gain 


ЦЭ 
from Fig. 11.16c, = , whence О = —— = — = 20. Thus R 


tance = ^i 100k22. Thus К = x Ку = 195kQ. Use R = 200kQ for a slightly higher value of Rin = 


1 1 

R, = — (200) = 102.6kQ. Now œ, =——,‚,апйС=-———— 

= | ) RC 2 пх 10* x 20 x 10? 
= 100КО, and QR = 4МО. 


‚ but the input resis- 


= 769pF. As well, use г 


SECTION 11.8: SINGLE-AMPLIFIER т ACTIVE FILTERS 
11.30 Eq. 11.73 and 11.74 indicate that о, = (С: С, Кз 4) an 


(С, Cz R3 Ка)? 
О = сле тшк (УС-ҮС:) f . Try Ry = Ка = IMQ and C, = C2 = C. Now for @, = 
3 
07 rad/s, C = PET = 10pF, О = 10° x 10° (1/107! 1/107 I! = 10 x (2 x 1011]! = 1/2 (as 


expected). Now since the required Q is 0.707, С must be raised to allow resistor values which are dif- 
ferent, yet no larger than IMQ. Thus we could try С = 20pF and proceed to find R3 R4, then, each 


separately, as follows: See Ёз R4 = (С Сз 92)! = (20 x 10? x 10)? = 2 х 1077)? = 10 = 
(10°)! 2 


—_————~), or Ёз = х 10! = .707MQ, for 
К; (20 х io” 9r А3 12 


0.25 x 102, Now for О = IN 2, Y2 = 
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12 
which R4 = E = 354MQ. Thus, C, = C, = 20pF, Ёз = .707MQ and К, = R42 = .354MQ 
is a possible solution. Check: w, = (20 x 10? x 20 х 1072 x .707 x 106 x 0.354 x 106 у = 105. 


But this is possibly not the solution with the largest possible resistors! 
Alternatively, try Сү = 10pF, С» = 20pF, for which Ёз R4 = (10 x 107? x 20 x 107? x 10? x 1057! = 
| 1 4 1 

20 х 1052 10x10? 


= .471MQ. But this solution is not directly acceptable since Ёз 


54-1 
0.5 x 10777, and for Q, 12 = UE 
3 


12 
1.061МО, for which Ry = 2 "0 — 
1.061 x 10 


is too large (although a series combination would clearly suffice). For example, one could use C, = 
10рЕ, C; = 20pF, Кз = IMQ + 62k€ in series, R4 = 470kQ. 


Alternatively, try, C, = 10рЕ, C; = 50pF, | which R4 R4 = (10 x 50 x 107% x 10!) = 0.2 x 107, and 


10? . и 
‚ or Кз = Г х 10 (1.5) = 


453,400) |. 1. ,,. 1 — 
R4 50 х 1072 10x10? 


12 
0.2 x 10" = 0236MQ. Could use C, = 10рЕ, C; = 50рЕ, Кз = .849MQ, R4 = .236MQ. Of the 


.849 x 106 
three solutions, the first, with equal capacitors, is the most straightforward. 


-5 
, ог Ёз = TT (1.2 x 107) = 0.849MQ, for which R4 = 


10* 
5 х 10? 
= 2.533 x 10. From О = o, Кз [ИС + ИС:Г,, Ёз = 


Now, for @, = 2 п х 10‘rad/s, Q = = 20. Use С, = С; = InF = 10°F. From œ, = (C; С 


hi Rays ke SS e 
LL Q пх 10* x 1079? 


8 
20 (.2.) = 6366 x 10 = 6370, and Ra = 253310. _ зо Check: 
10 х2л 10° 6.366 х 10 
(Cy С, R3 Ra)” B 
О = шог = = (YC, + ҮС:) | = 
4 | 
-l -l 
-9 -9 5 7 -7 
(107 x 10? x 6.37 0 х 398) ло? + ио?) T | 159.2 x TA x л 2 1997: 
6.36 х 10 6.36 х 10 10 
ОК. Now, for the center frequency gain: For Уд (at Ше common node А of Су, С», Ryo and 
V, 
R4(1—0)), with the voltage at the amplifier's negative input being zero volts, see Үд = 0 ~ — ry = 
2 А3 
То. Writ РАТТАР d Viele 9 а Wea £ 
---ш ст on at node 16148: —— ———— 
5 СУК, riting a node equation а yields К, 5 С, |У, 5 СУК, RX(-o) 
Vj — VA V, rel X y C; : (1-00 V, a V, M Vo 
Кж Ry ° tto CR, sS Cy RyRy 5 СКК RY’? Vy- 
- WR, 
$C obo J - 
| К» R3 C3 5 С, К, R4 
C, Ка , E 
= 5 | ‚ for which the center-frequency gain is 
2 
+ + 
S +5 (COR СК.) + СТС, К.К; 
a 1 1 -Q Кз С) aR; C? 
— |———— | |- + ———— | = —————. Here, 1 = ——————, whence a = 
Cı R4 j (Сі Кз С Кз ) R4 (Си + C) R4 (Су + C5) 
К (Си +С p? [2 
BORD s 9200-110) 245354093 Now эг 22 ЗИ 
Кз Сэ 637 х 10" (107°) 02 1.25 x 10 1- 


= 1-125х 103 = 398.50. As a result, at very high frequencies (where the capacitors are short cir- 
— |, X 
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cuits), Rin = 318kQ, and at very low frequencies (where the capacitors are open), Rin = 318kQ + 
3980 = 318КО, as well. 


11.32 From the derivation in P11.31 above: 


ЛЭЭ К, 4, 
— — (1), where the voltage at the join-point A of C,, С), P and ü-o' 15 Уд. Note that the current 
in R3 establishes the voltage across С», since their join-point is virtual-ground point with no current 


| Thus V. ——.—. Now the input tis / Vi = VA BELT: d the input 
OSS. us VA = : C; R3 Я OW the input current is 1, = ГЭ?” = Ryo ‚ an е три 
impedance is 7 vi po Thus Y;(s) = VZ;(s) 
impedance 15 Z;(s) = pe TG) ` us Y;(s) = LZi(s 


1 + 
5 С, Кз 


О/СС ,C3R3R 4) 


(C1C3R3R 4)" 
R3 


1 1 
+ 


Now (from Equations 11.73, 11.74), @ = 1MC,C2R3R4)", О = | 


2, Wo 2 
S^ — 5 + 0 
1 1 1 К, О 
ог YO = — + — |. Thus Z,(s) = — x ——— —— — — ———. Now, at very low fre- 
0, Кз С, С» Q 2 Wo 2 
S^ s (——) + (1-0)0 
Шш Q 
| R4 о), К, 1 А ; . 
quencies, as s — 0, Z; = — X — — —; = —————, as can be seen quite directly with capacitors 
a  (1-Q), 9 (1—00) 
en, noting that ii + ч it Now, at very high frequencies, as 5 — со, 2, = Куб, with 
Open, noung келетт — a (1-0) | | 
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(2 
-w2 + j— + 02 
| R4 o Ј О о 
capacitors shorted. Now at the center frequency, 5 5-/0,,2, = 55 M nece ee = 
; 1 090 
02 + j -р + 01-90 02 
PLC Pe eM nase, ty, ROI) а дал E ye 
о net a 1-180 a (1 + 0 02) ' | a nd 


1 


ui 07 + aa , Of relatively low magnitude, and with a 90° (inductor-like) phase. 


11.33 For this Butterworth, N = 7, A max = ЗВ, Ag, = OdB. Here f, = 5kHz, and œ, = 2n(5) = 10°л rad/s, 
and = = (10 "0 _1)% = (1070 –1)* = 9.998. (It should actually be 1.000. Why? Why is it not?). 
Thus for each filter stage, à, = 0), L ‚ ог 0, = 10r E = 3.14 x 10? rad/s. The 7 poles 


0,/20 


= 1/20, 


whence О = 0.5/cos © = 0.5/cos 0 = 0.5, 0.5/соѕ 25.7 = .555, 0.5/cos 51.4 = 0.801, and 0.5/соѕ 77.14 = 
2.25 respectively. From Ex. 11.28, see that for the Sallen and Key circuit of Fig. 11.34(c), that the dc 


gain is 1, and from Eq.11.77 and Eq. 11.78 that о, = (RyR2C3C,)™”, and 10 = 


are located at 0°, + 180/7 = 125.7, 451.4, and +77.14°. For each pole pair, cos Ө = 


0, Са 
BE — |. Use C = 33nF for С, С» for all sections. 
Ri К, 
1 1 
М r the first-order section, 0, = ПКС, and R = —— = і = 9650 ог 
ис сац G,C — 3.14 x 10 x 3.3 x 10? 
0.965КО. 
For the lowest-Q Sallen and Key Section, 1/Q = 1/.555 = ҮКҮ = + = ‚ Or 
1/Кү + ИК) = -ыт х x 2,001868 —— — (1). Also w, = (RRC? "Y implies that К,К,- oic? 
965? | К, 1 1 1 
llo» ks 2 = zi жы ыыы dE 2 2 ES 
= R*z965^,orR,-z- R, ` Thus in (1) 9652 + R, 5555 x 96s" Therefore Кз + 965° R2 
965 
Rs usns 
.555 0) 
| | 2 + V 93122 + 4(1.739)  . Ж 2.79 
or for R3 in kilohm, К? + .9312 Rz -1.739 = 0, R, = DEI ЭЕ +) E TT 
РЕ 
= 0.933kO, for which Rj = d = 0.998kQ. 
Now for the second Sallen and Key (by analogy from (2) ), R2 + 965? К, – A = 0, R2 + 9312 R3 
= Ч 2 `06&2 
— 1.205 =0,К»= аа = 0.727kQ, for which R, = ши = 1.281К0. 
Now for the third Sallen and Key, R? + .965 R, — T = 0, R2 + 9312 R, - 429 = 0, R = 
ES V 93124. 4( 490) 9652 
ee = 0.348kQ, for which R, = 20 = 2.68kQ, with all capacitors of 3.3nF 
value. | 
SECTION 11.9: SENSITIVITY 
| | -1 
| d (Сз C4 Ri R)* 1 1 
11.34 From Eq. 11.77 and 11.78, 0, = (Сз C4 К, Rə) , and Q = ——— (—— {4 --) 
| | C4 К, К» 
Ко, 0) Ф 9 wW С, 0) 
Эв ЭР: эг 2 dapi uc ае 
Now for Фу, sce 0C; ^ (CAR, R3) " C3 УС, and Sc, УС, ш, УС, 
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C | 
ie 1/2. Now Сз = Съ + Сэ, and Cy = Кз Сз, nominally. However, note that Сз, and Сз 
E E | | д Сз w до, Cra 
are independent from a sensitivity point of view. Thus эы С 1. Now Sc" = 3C. x Dm 

Ja 1 За 
9 Wy - 9 C3 RS ME... Xm Си — 1 Cw 1 Сза 2-1 : 1 
ICs ӘС а, с 2e MN 2 Су, 2 +) Сы 20 +h) 
1 3b ] 3 Уза K i o 1 Ф 
ОИК з “ош NOUIS: м “шм сш: С d Qc =- n, ? 
C, 2С, 2 GEC. Qe) era Fay a 
=- a When k; = k4 = 1, all these sensitivities become —1/4. 
-| x 
90 (Сз C4 Ry R5) 1 -1⁄2 Q 
Now for Q, see = (—— —— | = ~ 1/2 —. Thus SČ = 
Фон ас, Са т ux C ы кли 2 
-1/2, where S = – EN MM and S£ =- Шэн both being —1/4 for Кз = 1. Sce also 90 
м 2 (1 + k3) » 2(1+k3)’ 9 С, 
-12 Q 1 k4 ; | 
= — 5 1/2, —— ———, S& =-—————, both b 4 = 
С, Thus SÊ = 1/2, and SE. = WET A MEIN both being 1/4 for k4 = 1 


From Equations 11.77 and 11.78, @, = (Сз C4 R, R3) ^, an 


(Сз Са Ri К)" |1 1 oF PM 
О = "0, к, Ro . Now for Wo, sce ӘК, --1/2(С,С,Ё,у ^ x Rī” =- 
Рет eu. du a 1/2. Likewise sg” = — 1/2 ll 
2g," R “= ӘК, " = 2 К, * o, = : IKEWISE SR, = as Well. 
К, R2 К, К К 
Now for a fixed ү ч К,-(1ЕКЖ with —3E -tR,andS,' = ҰК xX R = К. 
Thus 5, = Sp” PAL + SR” 1p) (+ k +(— k)) = 0. 
9 Ё R OR, Т 
Now for small k, Ri = R2 = Ко (1 + a (T, — T)), whence 3T = — а R, and 5т' = 3T * v ee 
T aT R Ф Ф К Ф К 
——————=-——————=5;!. Thus Sr’? = Sp’ X $4! Sp” X. Sr’ 
ako X Ra (Т, T) ег вете ра 
= 2 -2x тга ‚ Which around Т = Т,, is a T,. 
Ys 7 7 
С, R, К, С, (Ri R2)" 90 
= | — Th = 
NON AGE 5 ша C3 Ri Ro Ri +R, | С» R, R3 2 x 9 К, 
С,Ё» |. 17) 1 | Г С, | (Ry R3)” 
Mee YF EDX = a == = 
С» R, +R Кў (Ку + Ro) С, Кү-К, 
| 1 (R5 — Rj) 28 
--Шг-----“-- | = О х —————. Now for R2=R = 0, and S¥ = Sf = 0. But 
2R, КК, о 2 Ry (Ку + R3) Зо ЕЕ and SẸ, = SẸ, M 
90. -2kR __ k Q | о R 
= = —————— = — ——, with 5$ = X — =- 
for Кү, R2 k)R with k << 1, TR, Q х 2К QR) aR”? With Ё T О 
: Q k Q 
i = ——, with S% = +k/2. 
k/2. Likewise JR, OR” with SẸ 
R 9 Ку, R2 ЯН: 
Now, SQ = S£ S,' + SE, Si where here, К, Ra = (1 + k)R, and RECTE =+R,withS," = А 
хк ck. Thus SÊ = -k/2(k) + k/2 (=k) = — K^. Also SP = SẸ 5р" + SÊ Sr’, where R = Re (1 + 
QR; R3 | . R,R 
a ,-1), and —3T = — ( + k) R,a, with S' * = - 0 € k) Ra х 


T 
ПХК, П +а (T, -T) 


- 339 - 


SOLUTIONS: Chapter #11-18 


aT 


Rie T lu Thus S£ = – k/2 | -a T 


l +a (T, - T) 


—a T 


+a (T) | ^9 


С 1+a (T, - T) 


+ k/2 | 


SECTION 11.10: SWITCHED-CAPACITOR FILTERS 


11.36 For Фу high, C, is discharged to zero (that is, virtual ground ( VG) via the second switch. Then, for ®, 
high, the first switch closes, charging C, to 1V, for a total charge transfer of Q = CV = 0.1 x 10^ x 1 
= 0.1рС. For 1MHz operation, the corresponding average current is J = 0.1 x 107'? x 10° = 0.1НА. 


Lf , . . ү ү 
Equivalent input resistance is PS uA = 10MQ. For a 2pF feedback capacitance, 0.1pC charge 
. 01x 1072 | 
produces an output change of V = £ = Sor = 0.05V. Thus the output change per cycle would 


ре 50mV. For v; = +1У, C, charges positive when Фу occurs. When Ф occurs, VG tends to go posi- 
tive, forcing the output negative to compensate. Thus the output changes in the negative direction. For 


saturation at +10V, the maximum output change is 20 volts, requiring 50 - = 400 cycles. The aver- 
m 
age slope is —20V in 400 ps, or — s —.05V/us, or —50V/ms, or —50,000V/s. For a —0.1V input, 


400 — 
the output slope becomes +5V/ms or 5000V/s. 


11.37 Require f 34 = fo = 10 Hz, О = W 2 = 0.707, and A, = 1V/V for f, = ШТ, = 10°Hz, Сү = C2 = 


2pF. 
Гес 
Now ©, = IN TA Thus Y C4 Са = о, T, V С; C, = 2 x 105 x 10% x 2 x 107? = 1.257 
2 “| 
-12 | Т, Т, : С, 
х 1072, Now for — С» = —- Cj, with C; = Сә, then Сз = C4 = 1.257рЕ. Now О = —. Thus 
к Су 2 С, C 
быш е шаа шан -177рЁ. Check C520, T, СЮ = 2 x 105 x 10% x 2 x 107? x 


1.414 = 1.7772 x 10772, as before. Now A, of the low-pass function is R4Rg = C6/Cs. Thus Ce = 1X 
Cs = 1.777рЕ. In summary, C, = C; = 2.000рЕ, Сз = C4 = 1.257pF, Cs = Cg = 1.777рЕ. The output 
of the first integrator is the bandpass output. Its center frequency is f, — 10°Hz. Its 3dB bandwidth 

fo 10? Cs — 1.777 


S 0 = 0307 ^ 1.41 x 10°Hz. Its maximum gain (from Eq. 11.100) is Cs = 7497 = 1V/V. 
SECTION 11.11: TUNED AMPLIFIERS 
11.38 For ЈЕ = ImA, r, = ям = 250. For Re = ғ, = 250: Rin = (B+ 1) (re + Re) = 201 Q5 + 25) = 
| e 1 : 
10.05kQ. Gain from base to collector, Aj; = Ec 288 = с = —100V/V. Gain from base to 
г, + КЕ 25 + 25 
КЕ 25 


emitter, Аре = = 0.5У/У. Equivalent input capacitance C,, -10(1-05)414 


г, + Ек 25425 | 
— (-100)) = 5 + 101 = 106pF. The total tuning capacitance is С = 200 + 106 = 306pF. Now 0, 
1^ LC = (1 x 10% x 306 x 10:2)7 = 57.17 x 10°rad/s. = 9.1MHz. 


| 0, 6 
—€— — NEUE 
CR 306 х 10712 (10.05 x 107 1 10 x 107) B 652 x 10 


х (-100) = —50.1V/V. 
S x 10? 9 (25) 


10 + 10.05 
= f E = ; : = — = —2 : = = 0. Ў 
For Ёк = 9 re: Rin = 201 (10) (25) = 50.25КО, А, 10 05) OV/V, Ap, 10 (25) 0.9V/V 


C = 200 + 10 (1 — 0.9) + 1 (1 — –20) = 200 + 1 + 21 = 222pF, R = 10kQ 1 50.25kQ = 8.34КО, 0, 
1 


= (1 x 10% x 222 х 10-!2у`# = 67.1 х 105rad/s, В = ——5—————ү = 540 x 107rad/s, Q = 
a ) d 222 х 10:2 х 834 x 103 Q 
67.1 50.25 


——— > eee” —2 = —16.7V/V. 
0s4 51244 = 3025 +10 OO 


Center-Frequency Gain А = 
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11.39 Here, Ig = ImA. Thus r, = 250 and гу = 201 (25) = 5.025kQ. Gain from base to collector = 
—5000/25 = -200У/У, Cj, = 10pF + ІрЕ (1 ~ —200) = 211рЕ, | 


For direct connection (as in P11.72 of the Text; C = 200 + 211 = 411pF, R = 10КО 1 5.025kQ = 
3.34kQ, @„ = (LC) = (1 x 10$ x 411 x 10712)7^ = 49.3 х 10%ай/ѕ, B = (CRY! = (411 x 1072 x 


W, 49.3 5.025 
3.34 x 10°)! = 0.728 х 10тад5,0---5:5-241---07Л,А---01-2--0х(- = —66. i 
3 ) rad/s, Q КЕТ 6 2020 х (-200) = —66.9 V/V 
5.025 x 10? 


For a tapped coil with k = 0.5: Rj, = 5.025kQ is transformed to < 50 = 20.1kQ, Cin = 211pF 


is transformed to 211 х 0.5? = 52.8pF, С = 200 + 52.8 = 252.8pF, R = 10kQ Il 20.1kQ = 6.68kQ, о, 
= (1 x 107% x 252.8 x 1072у^ = 62.9 x 10%rad/s, В = (252.8 x 1072 x 6.68 x 107" = 0.592 x 


62.8 20.1 
10°rad/s, О = ———— = 106, A = ———— x 0.5 x (2200) = -66.8V/V. 
radis, Q = тусу» 10 + 20.1 a") 
3 
For a tapped coil with k = 0.1: Rp = MEM = 502kQ, Cr = 211 x 107? x (0.1)? = 2.1 1pF, С = 
200 + 2.1 = 202.1pF, R = 10kQ ЇЇ 502kQ = 9.8kQ, œ, = (1 x 10% x 202.1 х 107!)-4 = 70.3 х 
70.3 502 
6 2 -12 5-1 - 9. 6 = = : шу 
10°rad/s, В = (202.1 х 10 ^ x 9.80 х 107) 0.505 х 10°rad/s, Q 0505 139.2, А 10 3502 
0.1 х(-200) = -19.6V/V. 
Comparison: 
Basic Circuit 
Thus the tapped coil gives the best results in general. 
0, L R, Е 
11.40 Гог the coil, О, = = Tu Here, at 1OMHz, о, L = 2 пх 10x 2x 10% = 125.7Q. For Q, 
Vs О 
= 200, ғ; = =! = 0.630, and R, = 200 (125.7) = 25.1kQ. For resonance at 10МН/, @, = (LC y 4. 
or C = и = — —— eee = 126.7pF. Bandwidth B = Il for which R = 


w? L (2 x x 10? x 2 x 1076 
i = 6281kQ. The resistor to be added is 6.281 Il (-25.DKQ 


2 пх 200 x 10? x 126.7 х 1072 


6.281 х 
Beet te = 38 
25.1 — 6.28 i 
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SOLUTIONS: Chapter 411-20 


| ЭР o o 106 
For a single LC circuit, Q = Ex 5 = 105 = 10. For synchronous tuning of № stages, from Eq. 
b 
0 6 
11.110, fg = 22 VZW т, Here, 50 x 10 = 10 Ү29 1, or 1 = 2  2W I, 2 р с» " 
lg2  . 
025, 2" = 1.25, ИМ log 2 = log 1.25, N = — 5. = —501_ 31. Thus, use 3 stages: Check: 


log 1.25 .0969 


6 
fa = 22 N25 -1 = 105 12599 —1 = 105 Y 2599 = 51 x 10%Hz. ОК. 


For the 30dB bandwidth, (from problem 11.77 on page 972 of the Text, part b)), for synchronous tun- 


ing: IT Go) = с ша E 
2 ~ +4 (2 <1) (6 f/f, 2 


5 


) Т. | 

For 1 stage: N = 1, [1 + 4 (2 - D (6f/fyl^ = wm = 101020 = 31.6, or 1 + 4 (f/f)? = 1000, 

of/f, = Су = 15.8. Thus (һе skirt selectivity is = = ant = 2 (15.8) = 31.6, and the 30dB 
b 

bandwidth is 31.6 (100kHz) = 3.16MHz. For the synchronously-tuned cascade, with N. л 3,1-4(29 


— 1) (f/f, УГ? = 31.6, 1 + 4 (2600) (8f/f,)? = 9.995, that is 8f/f, = EMT = 2.94. Thus 
20 


the skirt selectivity factor is 2 (2.94) = 5.88, and the 30dB bandwidth is 5.88 (SOkHz) = 0.294MHz. 


: | В 011 
U Equati 11.115 and 11.116 of the Text: = fa + = 10.7 + - = 10.735MHz, 
sing Eq 2” а яр of the Tex: fo; =f 272 "i "EE 7, f 02 
= —- — = 10.7 — | = 10.665MHz, B, = В, = = - = .0707MHz, = = 
fo 2315 217 Еу О = 0 
Y2x107 _ 1513, Now f, = A m 
0.1 ii е 2n LC. | Q x fo L 


| 
——————————— = 73.27pF, and C; = р = 74.23рЁ. 
(2 л x 10.735 x 105? x 3 x 1079 J ? (2тх 10,665 x 105? x 3 x 10% К 


Now R =2 T f, L Q, and R; 22m x 10.735 x 10° x 3 x 107° x 151.3 = 30.616kQ, R; 2m х 
10.665 x 10° x 3 x 10° x 151.3 = 30.416kQ. Since the voltage gain at resonance is proportional to R 
Кү 30616 _ 1.007 


(see Ex. 11.37), the relative peak gain of each of the two is К, 530416 
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Chapter 12 


SIGNAL GENERATORS AND WAVEFORM - SHAPING CIRCUITS 


SECTION 12.1: BASIC PRINCIPLES OF SINUSOIDAL OSCILLATORS10 


12.1 


12.2 


Look ahead to the diagram in the solution to P12.2 following only if you need to! Convert all resistive 
| о Rp 


Ё, „17 


elements to equivalent values across the tank inductor L. Now, О = 
Qs it | 
is the equivalent resistor across L due to inductor-wire resistance. Now the amplifier input 


Is 
resistance reflected through the turns ratio is R; = п? Ra. Thus the total load on the tank is R = 


Ro W Rp WRep WR; = R, 1 oz L'/Rg W Rep Їл? Rin. Loop gain (from the active end of the сой and 


back) is Gm RM. Oscillation will occur when this is unity, that is when “— = 1, or on = = = 
PERE. OTE EN at a frequency @, = Novu = шиг 5 
R, @212 Е л Ка? 1 даг ET "LC ali? L 
ка with oscillation оссигіпр for Gm E s + Bue + ! + l or for 
L? n R, L Rep п? Rin | 
п п К,С п 1 
+ + —— 


= + : 
os" ARS L Rep nR; 


(a) Showing the inductor's parasitic resistance 
in its parallel form, the topology shown 
results for a non-inverting amplifier. Three 
classical circuit forms result depending on 
which of A, B, C is grounded in a practi- 
cal implementation. Grounding A  pro- 
duces the design that is usually drawn 
from the description given. 


Вїр 


(b) For an inverting transconductance element, 
the topology shown results, again with 
three classical variations depending оп 
where ground is connected. The one with 
C grounded, in which the device acts as a 
follower, is quite common in practice. 


2343 


12.3 


12.4 


SOLUTIONS: Chapter #12-2 


This may be redrawn to resemble (a) more 

closely to illustrate that the change of 
amplifier sign is compensated simply by 
shifting the tap from one end of the auto- 
transformer to Ше other. Бог the 
negative-gain version, the loop-gain magni- 
tude (as measured across L) is exactly as 
before, with the same conditions for oscil- 
lation. Note that the amplifier inversion is 
accounted for by the coil-tap-connection 
reversal. 


Here, at resonance, the load on thc tran- 


sconductor is R = Ro 1—5 
n 


(Rep Il Rip ПК; ), and the voltage across the 
tap is Gm R, with the loop gain equal to 
n Gm К. For oscillation to occur, 


п Gm R = 1, or Ga = — — = 


R n 
1 н2 п? 2 C 
+ +—+ , Or 2 = 
К, Re Rip Rin “ 
1 п п 


n : 
Gm ^ —— + — + — t —, with 
Е п R, Rep Rip Rin 


oscillation at a frequency o, = (LC)^. 
Recall that for the connection in P.12.1 


above, G Бус + = pan + 
, ml т 
К, Rep Rip 
1 
л Rin : 


Note that for a particular coil and capacitor, the relative value of the required G,, for each topology 
depends on the relative size of К, and Rin of the amplifier. For Rin = Ro, the same G,, is required i 


a given n. Thus, for example, for К, = Rin = Rep = Ry = R, Gmi = Gm2 = Gm = ri + ru ars 
(Зп + l/n) or Gma К = Зп + 1/п. 
For an input resistance of 10КО, R, = 10kQ, and Ry = 5 (R4) = 50kQ. Negative clamping occurs with 


D, conducting with 0.6V drop, the negative op-amp input at 0 volts, and Уд at —0.6V correspondingly. 
Thus at the edge of D, conduction, Vg? = 10 — -0.6 = 10.6V, and Vg4 = -0.6 – -2.5 = 19V. 


` , 10.6 . e,e , Ry [| К» 
Correspondingly, Кз = 49 Кз = 5.58 Кз. For a limiting gain of 0.5, — = 0.5, or 50k IIR3 = 
| | -50)  5(50 | 
0.5 (10k) = 5kQ. Thus, Ёз = 50k Il Кз ЇЇ (-50k) = 5k II (-50k) = 2. 5 21 = 5.56kQ, and 


К» = 5.58 (5.56) = 31.0kQ. Overall, use Кү = 10КО, Ry = S0kQ, R3 = 5.6kQ, and К, = 31.0kQ. 
Now, for the amplifier, A = 1000, /, = 10°Hz, and thus зв = m = 10°Hz. For a gain of 5, В = 
1/5, AB = 1/5 x 1000 = 200, and f 345 = 200kHz. Alternatively, from page 80 of the Text, /зав = 
10941 + RIR) = 109/(1 + 50/10) = 167kHz. For a 3dB frequency of 167kHz, 2° phase shift occurs at 
tan"! -£ = 2°, or f = 167 tan 2° = 5.83kHz. 
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12.5 


SOLUTIONS: Chapter #12—3 


R 
For low input voltages, the gain is — = =- +e = —1.33V/V. For the zeners conducting, the gain is 
| i | 
К,ЇЇК | 
- — =- MA == 52 = —0.67V/V. Assume that the zener can be characterized by a linear 
1 . . 


V. 
resistor of value R5 = Tam for voltages below the knee. 
ZK 


; _ 68 _ Е 
(87, 7.5) Here, Rz = 100uA ^ 68КО, and Rz; = 


\ 6.8 
== = 0 Q. 

- 17177 680kQ. For the poorer zener, for 
output voltages beyond 0.7V (with 


| ЕС = 0.53V), 


Кур = 68КО, and the gain is — 
RoW Ratz) __ 101(10+68) __ 
ү Зз | R, | 7.5 
1.18V/V. Рог the better zener it is — 
VM OWN IRSE 20 10 1 (10 + 680) 
БЕ НБЕЕ = ~ 1.32V/V. For out- 
| puts greater than 6.8 + 0.7 = 7.5V, the 


gain is -0.67У/У as calculated earlier. For 
the better zener, the corresponding input is 


(-6,4 -7.5) about = 5.68V, and for the poorer 


5 


corresponding inputs of 


= N о » - o ч @ 


1.32 


(-67 = 7.5) "p 7.5 
zener, it is about 118 


= 6.36V. 


SECTION 12.2: OP-AMP-RC OSCILLATORS 


12.6 


Now, 0, = 2... For С = 10nF, А = E н = PNE сезше = 1.59КО. For oscillation, 


2®/„С 2хтх10®х10х107? 
К,2.2К.. For 2V peak-to-peak output, peak output is 1V. At the threshold of oscillation the voltage 
at the positive op amp input must be 2/3V. Thus the voltage across the regulating diode plus its series 
resistor (R2) must be 2/3V, as must be the voltage across R5, with 1/3V across R,. Thus the current in 


Rope.) 4g. Now ҮЛ Vale RES DAV. Now Vir 2:070 50051 


R, R3 

1511 mV, and 0.700 + .05 In /p + Ip R5 = 0.667, or Ip = E (—.05 In Ip — .033) – ~ ~ (1). Also ч = 
Be RN (2), with К,»2К,---03). With T try Ip = O.1mA, whence R5 = —— (- 

Ri К, Y 
.05 In 0.1 ~ Pu = ,818kQ. Try Jp = ІОрА: К) = —— г С .05 In .01 — .0333) = 19.7kQ. Try Ip = 
20А: Кз = —— (- .05 In .02 ~ 0333) = 8.11kQ. Ове 2. = 82kQ. From (2), 01 = шэн я а 

1 . 

3333 | » Э 2 

or R= "i04 0813 ° pem pd :6КО. Check: from (3), К» = 8.2 > 2 R, = 2 (3.65) = 7.3 OK. 
Check: From (2), Ip = rU = .0926 — .0813 = .0113mA. Now the drop across the diode 


plus the extra R2 is 0.0113 (8.2) + .05 In .0113 + 0.70 = .0927 — .2241 + 0.70 = .569V. Current in the 
feedback К» = = .0693mA. Voltage across R, = (.0693 + .0113) (3.6) = 0.200V, and the output 
voltage is .290 + .569 = .859V. Too low! Now, reduce Кү slightly to Ry = 3.3kQ. From (2), Ip = 


M = гоо = .1010 — .0823 = .0187mA. Now the drop across the diode plus the extra R is .0187 
(8.2) + .05 In .0187 + 0.70 = .1534 — .199 + 0.70 = .654V. Current in the feedback К» = i = 


.0800mA. Voltage across R, = (.0800 + .0187) (3.6) = .355V. Thus the output voltage is .355 + .654 
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= 1.01V. Use C = 10nF, К = 1.59kQ, Кү = 3.3kQ, К, = 8.2kQ. 


1+R 
From Eq. 12.11 of the Text, using an ideal amplifier, L (j œ) = ааа where оѕсШа- 


tion occurs when Ф = 0, and ILI = 1 at о, = ж From Eq. 2.20 of the Text, for an amplifier with 
1+ КУК, NN 
Q, 5 20 . For oscillation at о = 0.9 о, = 
1+ — — 
AL + КУК) 
0.9/CR with this amplifier: 
1+ КУК, 
L G 0.9 o,) = а = 
И i GJ (9e 05 2. 
JO- oo lt o Ку) 
1+ КУК, 
2.27 j о 21899 0, 


3-1 QD * VU REIR) * e 05 КУК) 


Oscillation will occur when 0.211 = 2.270,/(0, (1 + RYR))), ог @„ 50), (1 + R/R) (.09295). Now 
+ КУК} 


E .1899 w, 
о, (1 + RZR|) 
RAR, = 3 + .1899 (.09295) = 3.018, or R/R, = 2.018, or Ry = 2.018 К. Thus for f, = 1MHz, the fre- 
quency of oscillation will be 0.9 x 106 (3.018) (.09295) = 0.252 x 10°Hz, with nominal че = 
018 


for a nominal frequency @,, oscillation will occur at 0.9 @„, when = 1, orl + 


1 _ 252 
, Ч 252 А IR, = оз ХН 
FERC” 09 = 0.280MHz. Thus, for operation at 0.252MHz, and 1 + КуК|-1-ч R, 
3.018, the closed-loop op-amp gain must be = = ET a value which seems 
1 х 1093.018 


quite reasonable. 


From Eq. 2.20 of the Text, for an op amp with A, large and a unity-gain frequency @,, the gain of the 


"Y | ; 1+ КуК, | 
non-inverting topology is: G(@) = 1. je and of the network is: 
о; (1 + RZRy) 
14К 
T(o) = ЗЭЭР — = 2-2 Overall, L(@) = а = 
фы р Сїй б суруш 3 
jac jo RC о, (1 + RYR)) j@ RC 
1+ КУК; 

1 + 220102 210 + MEE ЭРЭЭ» 

о (1+ R/R) WRC ЄКСо,(1-45К,К) 
Oscillation will occur when the net prase shift is 0°, when To ES = es or 

om (1 + К 1+R 
@ = @ (1 + RR) | , provided the gain is at least one, that is шаг 2 1, ог 
КС 1+ 1 


RC o, (1+ КУ) 


| 1 
RR = nC ох (1 


ог (КУК) + (RR) - МЕСО) = 0. Now for о = 4/RC 


+ RZRj)' 
о, (1 + RYR;) 1 1 
PIC Pe OR eRe А R = | R à d RAR, = ——— = —, 
RC , % (1 + RZR) = 16(RC), and КУК: = Ro ery = 16 
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1 Р 
К, = R,/16 = .0625 R,, for —— = o,. 


1 0) w ) 5 | 
More generally, for RE = E @ = г (1  RZRj)^, with (1 + АЫК) = 1 * 1а (1+ R4IR4)), 


orx = 1 + I/(ax), ax? - ax -120, x? - x ~ Ma =0, 


for which x = = С), ord + К/К = MOSES. Now, for example: For a = 1, 1 + 
RJR, = SS = 1.618, Ку = .618 Кү and w = о, (1.618)^ = 1.27@,. For a = 2, 1 + RJR, = 
кы = 1.366, R, = .366 К, and 0-0), Cy = .8260,. Fora = 4, 1 + RJR, = БАР 

= 1.2707, Ry = 2707 Rs and o= 0; (уь 05049. Fora ede ERR 25. 


2 
1.059 


1.059, Ro = .059 Ry, and œ = œ, (FE )^ = 0.257a,. 

Generalizing, we see that for frequencies significantly lower than œ, for an amplifier with idealized 
single-pole rolloff, oscillation is possible for R2 nearly zero, at a frequency which is the geometric mean 
of о, and 1/RC. For excess phase shift due to additional poles near and above €, more compensating 
phase shift will be required from the RC network, implying operation at a frequency lower than in the 
simple case. Note that this type of oscillator, operating at @, with a network for which o = I/RC, 
allows an estimate of @,, and associated excess phase, if R5 is adjusted to the maximum value for 
which oscillation is sustained. For 1/КС << œ,, the oscillation frequency œ, can become a sensitive 
function of various things, such as. construction, but not of excess phase. For 1/КС very near 0, , the 
frequency of oscillation is quite sensitive to excess phase. By varying R, find œ, in the range two to 
four times ИКС in order to evaluate @,. «c, < 1/КС is an indication of excess phase, where operation 
also requires a higher value of К». 


From the right, label the components Су, Ri, C5, R5, Сз, Кз, with joining nodes Ni, Na, N3 respec- 
tively. Assume a virtual ground at the op-amp input into which a current flows from С. At Nj, ic; = 

і, 0 = Cys. At No, V2 = ic, Ry + Vy = i (Ri+ ИС), ic? = vy(l/C5s) = v9 Cos = i (К(С,5 + 
С/С). At N3, v3 = (ic, + ic2) К, +02 =i (1+ RCs + Ceu R+ i (Ry + Cis) = i (R4,R5C5s 
+ RCAC; + Ко + Ry + ИС), ісз = А3С35 = i (R (К,С:С-ү 52 + R42C5Css/C, + Кез + R4Cas 
4СУС, At x, Uy, = (icy + ico + ic) Ra + w =i (1+ R,Cos + CYC; + R RC 2C3s? + RoC2C3s/C | 
+ RoC3s + R,C3s + СуС,) Ra +i (RyRoCe + RCAC, + Ro + Ry + 1/Сү5) =i (RF, + Ro + R4 + 
R34CZC|; + Rata + К,.СУС, + s (RıR3C2 + ККС: + К,КзСз + КфК:С, + К,КзС,СуС) + 
R,RoR3C C3 s? + 1/Сү s. Now the loop gain L = —i Rx. Thus, for с = Сә = C3 = C, (5) = 
—-R; Ri +2К›+3 Ку + SC (КК, + 2 RR} + 2 RaR3) + Rika R4C? s? + 1/(Cs)], апа L(s) = 
—R,Cs/[1 + (К+ 2 R2 + 3 R3) Cs + (RiR, + 2 RoR; + 2 RjR3) C’s? + RiR, R3C’s*]. Now substitut- 
ing s = jœ and multiplying top and bottom by j, L(jo) = 4К,Сой/ — (Ry + 2R2 + 3R3) Co — (Ri Ro 
+ 2R2R3 + 2R,R3) C20 j + КК R4C?o?]. For oscillation, the phase angle = zero, that is 1 = (R,R 


+ 2 КЁ + 2 RR C? o) where the frequency of oscillation is @ = 

1 ; 1 | 

‚ which for Кү = Ra = Ry = R 15 W = , with 

CVR] R, +2 В, R +2 К, R | : CR V5 

К, С о» 292 
— M —————ÀÀÀ— m Loop Ке S (Кү 2082-5383) ++ RR KACO, = 
(Ri + 2R2 + 3R3) С о„ +R, К, Кз C^ о, 
(Ri + 2R2 + 3R3) + (Ri R2R3) (КК. + 2R5R4 + 2R,R3)"', which for Кү = Ra = R3=R is Ry =6R + 
R/5 = 6.2R. 
Now for sensitivities (with Ry = К) = Кз = К): 


a PUN REN ОЕ e E ee 
OR; 2 |C(RL,R «2R? - 2R, R)” 2 ° 3R Ru + 2R2 2 ° 38,428” 
д о, 3 1 д ©, 4 1 Ф 90, К 3 

= 2 9, —————, and —— -— L4, —. Now Sp’p = —-X-——2-—-0 
adum 293497 TR, ^2 Фо ag NOW ORR = OX FR, 29 
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i 1 К, : ү 3 е (A) 9 Ry 
———— X —, Я = К, —- —— = -4,3, ES — Хай = 
3К| + 28 m which, for Ri = R, is 26) 0.3. Similarly SR, —0.5. Also JR, 1+ 
R2R3 (АКК, + vi + 2К (Кху! + (—1) К (К»К,с (КК, + 2К,К, + 2К R3)? (R5 + 2R 3), which for К, 
= R3 = R, is 1 = 1 + R? (КК + 2R? + 2R,R)! -RaR? (Ry R + 282 + 26у RY? (3 К) = 1+ К 
1 


ð R 
OR? + AR? + 12R, Е +3R Ку + 2R2-3R, К 


(3R, + 2Ry! - ЗК, Е QR, + 2КУу? = - 
| цах GR, + 2RY 
шигээ d for Ку = К, is 2725 = 108. Thus, 58-45! ge R = ВА 
, and for R; = R, is = 1.08. = хиа = R, 
QR, + 2R} : яс тре кшн = 
R 
108 x —— = 0.174. Also with Ry = Ку= К, — =2 + R? (R Ry + 2R R, + 2К?у! —К? К, 
6.2R ӘК» : 


(R Ry + 2R К + 2R*)? (3R) = 2 + R (38, + 2Ry! -3R К, QR; + 2Ry?, which for R3 = R, is 2 + 
К (SRy! -3R? (SRY? = 2 + M5 — 3/25 = 2.08. Thus Sa’ is 2.08 x = 0.335. Similarly, 5! is 


6.2R 


3.08/6.2 = 0.497. 


Here, К, =R,=R,=R, and С, = C= С», = С. 
For a current i in Rj, at node No, v2 = i R; = iR, 
іс2 = VAC 2s) = iRCs. At node N3, ira = tri + 
ic2 = i (1 + RCS), 03 = 0 + Ro (кә) = iR +R (i) 
(1+RCs) = i QR + К? Cs), ісз = озС›з =i 
(2R Cs + R?C? 52). At node x, ірз = igo + ica =i 
(1 + RCs) + i QRCs + R?C?s?) =i (1 + 3RCs + 
R?C?s?), y, = оз + Кз ig = i (2R + R?Cs) + Ri 
(1 + 3RCs + R?C?s?) = iR (3 + ARCs + R?C?s5), 
Now, i flows in Ry || Cj. Thus the op-amp output 


voltage = v, 2-1 ME 
j К, + Cs ` 
i i ЭЭГ Uo " m К; 1 
Loop gain L(s) = Dy = R,Cs+1 X R G + 4КС5 + R°C’s’) 
Now L(s) = – (Ry/R) [3 + 4R Cs + R?C?s? + 3 Ку Cs + AR Ку C?s? + К?К, СЗЗ! = — (КК) [3 + s 


(4 RC + 3R,C) + s? (R? C? + 4R RC) + R? К, С? 5?]7!. Substituting s = j@, and requiring the ima- 
ginary part to be zero, and L(@,) = 1, see (4RC + 3R; C) @, = К2К, Co – – гу (1), and 1 = -(Rj/R) 


2012, 2 2 (324-1 1 АК + 3 Rr 
(3 ~ КС Wo 4R К,С (179) РЕА (2). Егот (1), Wy = RC R . From (2), К, = R 
f 
4R + ЗЕ; 


(R?C? + 4R Rr C?) o2 — 3) = R (RC? + 4R КС?) oR? - 
4R? 


2 
3R. Thus Ry = AA. + 3R + 16R + 12R; – ЗК, TRO + 16Ё + ПЕ; = 0, AR? + 16R Ry + LR? = 0, 


ЗК = (4R + 3Rj) (| + 4) - 
Ry 


f f 
-16+ V16 — TUN 
whence К; = илжиг 777 Rz LATI R. Note that К/К is always negative, 


implying that oscillation is not possible. Why? 


For each section, a maximum of 90° phaseshift is possible. Now with a positive-gain amplifier, the net- 
work must shift by 360°. Thus, realistically, for operation on a phase slope of more than 360/90 = 4%, 
five sections are needed. Label the sections 1 to 5 from right to left with the RC join nodes called М 
through Ns respectively. Now for О =VD=V(1), ici VR —-WR(l) = icyCs +0, 
WRCs +v =v (RCs +1), іс = VAR tic, = (WRCS + УК + YR = УК [RCs +2], v 
ic/Cs + о) = V [(WRCs + 2YRCs + VRCs + 1] = v (YR2C*s? + YRCs + 1), 
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1 (VR?C? 52 + 4RCs  3)/Cs. Note that this corresponds to the result of Exercise 12.5. Now, іса 


SOLUTIONS: Chapter #12—7 


ic3 = YR + iça =V (I/R?C?s? + YRCs + 1YR + (VRCs + 2yR] = WR [VR?C?s? + 4RCs +3], 

ол = icyCs +03 = vI[(VR?C?s? + ARCs + 3YRCs + VR?C?s? + YR Cs +1] = vV(VRIC s? + 
SR?C?5? + OR Cs + 1), 

ica = VAR + ісз = WR (VR?C? s?  SR?C?s? + ORCS + 1 + VR?C? s? + 4RCs + 3) = WR (YRIC3S3 
+ 6R?C?s? + IOR Cs + 4), | 

Us = ic4 Cs + 04 = V [VR^C*s^ + GR? Cs? + 1082С252 + YRCs VR? Cs?  SR2C?s? + ORC + 1] 
= v (VR^C*s* + VR? C?s? + 15820252 + 10/RCs + 1), 

ics = ХК + іса = VR (VR*C*s* + ТКЗС? + 1SR?C?5? + 10RCs + 1 + VRICIS3 + Gm?c?s? 
10R Cs + 4) = УК (VR^C*s^ + &R?C?s? + 2VR?C?s? + 20/RCs + 5), 

Ug = ics Cs + 05 = V (1/Ё°СЎу?  &R^C^s* + 2VR? C$? + 20R?C?s? + SRCs  VR^C^s* + VRICIS3 
+ 1YR2C2s2 + 108С5 + 1) = v (VR? C35? + yRC^s^ + 2g RO Cs? + 3S/R?C?s? + 1S/RCs + 1). 


Now L(s) = хэ = K (187С7957--984С544 + 28R? C75? + — + LYRCs + 1y!. Now substi- 
6 


tuting 5 = гар the condition for zero phase angle is RÍ С? о? — 2R? C? o? + IIR Со = 0, or 


VR^c*o* — 289R? С? og? + 15 = 0. Now IR? С? œ LLL NE иттин 


2 
27.45 or .545. Now at œ = 1/RC, the phase contribution of each мэ. is 45°, and the total phase is 


about 225°. Thus operation must be at œ < ИКС. Thus choose the 27.45 solution, where VR? C? w = 


1 1 0.191 
7.45, = —— X =o, i ition, = 4744 | 
2 Or 0, г 15725 For this condition, |L | K (YR? С" о 
35/К? C? a? + 1y'. Now for IL|2LüK-z 94191) — 35/.191 + 1 = 6762.5 — 959.4 + 1 = 


5804V/V. 


The modified amplifier has 4 sections, with all 4 capacitors of value C, and all 3 resistors of value К. 
The feedback resistor is Ry. Perhaps from the results of Exercise 12.5, we could reason that L = 
w? С? К Ry 

5+ j (40 CR – Và CR)’ 
amp negative input toward the left, No, Ny, Na, №, №. Note that N4 = х. Now for a current i flowing 
into node No from Сү, v, = OV, icy i, Vy = icyCs = i/Cs, іс = UyR + icy = I(VRCs + 1) v = 
icyCs + - i (VR Cs + ICs + i/Cs, ic3 = UYR + їс; = i [VR?C?s? + YRCs + VRCs + 1] 
i [VR?C?s? + YRCs + 1], 03 = їсуС5 + 0) = i (VR?C?s? + YRCs + 1)/Cs + i (VRCs + 2)/Cs 


(incorrectly!), but we must check: Label the network nodes, from the op- 


vJR + ісз = i [VR?C?s? + YR2C252 + YRCs + VR?C?s? + YRCs + 1] = i [VR? C$? + YR?C?s? 
GRCs + 1], Ю, = ic4Cs + 03 = (/Cs) [VR?C?s? + SR?C?s? + GRCs + 1 + VR?C?s? + YRCs + 3] 
(i/Cs) [VR? C?s? + OR2C2s? + 10КС5 + 4]. Now, v, = d4, and Vo = -Ry i. Thus L(s) = v,A, 
-R, Cs [VR?C?s? + GR?C?s*  10/RCS + 4] 


Hou oM HH ig 


| -R, C 
= ———— Now for s = jo, the phase of L(j 0) = О when GR?C?o» 
VR?C's* 4-6R?C7s/, + IORC? + 46 ; " 9 
3 1 1.224 -Rs С 


4/0), ог @ = 2 RC = RC” where ILI must be 1 (or more). For 1 = VR? C! - IORC a Ry 


= К? C4 œt + 10 / R С? @? = 10 (2/3) R — 1 (2/3? R = (6.666 — .444) R = 6.22R. 


Note that the result for v3 above allows the solution of the 3-capacitor circuit in Exercise 12.5 of the 


em € Vo - Ri -R; s*RC? 4 10) 
= = So a w) = 
ext, namely 20) = 025 U RCs + RCs +3] КС; +4+3КС›' ^P 
шэг tated th 
4 + j GaoRC = Vo RC)’ 0 
| шэг Rs 
For the filter with C4 = Cg2 C and Rj = Кә = Кз= R5=R, fy = 2 CR’ with Q = ‚ from Eq. 


11.53 and 11.54 on page 917 of the Text. Now for f, = 10kHz with C = н R = 
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1 


2 1 x 10 х 10? х 10° 
complex, we can simplify the process by assuming that the signal at v2 is a square wave of 0.7V peak 


amplitude, for which the fundamental is OD = 0.89V and the 3rd harmonic is 1/3 (0.89) = 0.297V, 


(from page 4 of the Text). For this situation, since thc gain from V2 to V; is 2 times, the peak output at 
v; will be 2 (0.89V) peak = 1.78V peak. Now the 3rd harmonic component at v; will be less than 1/3 


of the fundamental there (since the wave at 0, is not very square. Thus a rejection of ns 33.3 = 
20 log 33.30 = 30dB will be enough. Now for the second-order bandpass filter, T(s) = 


= 1.59kQ. While the solution to satisfy the distortion specification is quite 


(0,70 )s | | | T 
POs Бас with gain of 1 at w,. Now for gain of 1/33.3 at 3 @ T(jo) = 
(/Q)jo (0/0) ® и 
-02 + јо (0/0) +02 о (0,/0) + j (02 —o2)' ' 
_ (0,/Q) 30, 2013. Е 5 у 104 — 
Т(30,) = Ga, a0 + Gu? — oF 070) + On? = any = 700° whence 100/0 = ((3/Q)* + (9 — 1)5^, or 02 = 


0 —9 


9/Q? + 64, 10? = 64, 0? = 4 


= 19.9КО. Use К = аца = 11КО. 


= 156. Thus, Q = 12.5, for which Rg = 12.5 R = 12.5 (1.59) 


SECTION 12.3: LC AND CRYSTAL OSCILLATORS 


12.14 For the FETs, operation is at Ipss = 4mA, with gm = 2 Ipss/ IV, = 2 (42 = 4 mA/V. For each FET, 


V 1 
pj аы ae = 25kQ. For L = 10H and Q = 100 at 1MHz, the equivalent parallel resistance is 


1 4тА 
R, = (2 пх 10° x 10 x 10) x 100 = 6.28kQ. Now at resonance, R, loads the tank consisting of L 
and C, with С» in series. Now the voltage across C4, ie from the follower output to ground, is 


? — of that across Rp. Since the power supplied to R, comes via the capacitors, the current must 


C; t C, 
be correspondingly increased. 
C; | C d 
| | i R, i х = | -ш---ш- ‚28. | 
Thus the corresponding load on R, is Ch +e R, m С; х 6.28. Thus the total 
C 
load on Q; is Rp = 25kQ Ї 25kQ Il | 6.28 | П 10КО, or R, = 556 1 
l 2 | 
еда | d the volt Но ЕНБ duet ч уу. N 
. == , ifier is —— = ————— | ; 
Cic, and the voltage gain of the amp is Ri F Vg, R, + VÀ OW 


looking back from the С, C; node to the gate of Qj, the Thevenin gain equivalent is a gain of 


К, 5.56 | | 1 0.25 (5.56) 
---Ттг-0Ж ————— = 0.957У/У, witl t f — [| Кү = — = .239kQ. 
Ri + Ven 556+ 25 ГУ, with a resistance о : ll Кү 025+556 39КО, Now 


| т 
when ж by the „Rp L C, Cı network, the gain to the gate end of C, becomes 


(0.959) x 2 
| Cit Cà C +С, "—— | | 
" X — — —. Now for oscillation, this must be unity, that is 
2 2 
: ————- | + 0.239 
oes С, + С, 
2 
] ] 
.957 (6.28) —————— = 6.2 — .239. 
РАИ TEC oP on | гуйж: цан 


1 6.01 + Y 6.01? — 4 (6.28) (239) _ 


Now let x = ————. Thus 6.28 x? – 601 x + 239 = 0, x = 


I4 CyC4 2 (6.28) 
$01 t 549 . 915 or .0414 (unlikely). Therefore ————— = 915, 1 + СИС, = 1.0929, СУС, = 
2 (6.28) l + СИС; 
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0.0929, or CYC, = 10.76. 


Alternatively, ignoring the cffect of R, and using Eq. 12.21, CYC; = g, R = 4 x (25 II 25 ll 10) = 
C2 


C; t C; 


22.22. Now R, reflected through the capacitor network becomes 


2 
| II | 6.28 = 5.75kQ, and R = 25 1 25 ll 10 l| 5.75 = 2.82kQ, and СУС, = 8, R = 4 


2 2 
СуС, | 11.28 
(2.82) = 11.28. Now К, reflected becomes ТСС, Rp = 141128 6.28 = 5.30КО, for 
which R = 5.55 1 5.30 = 2.71kQ, and СУС, = 4 (2.71) = 10.84. 
2 
| С 
Alternatively, from Eq. 12.21, CYC; = gm R, and here R = 5.56 || 6.28 cum . Now let СУС, 
1 2 


y 
. Thus 5.56 x + 6.28 x 


j 4 х 5.56 х 6.28 х (--2 
” 1 + 


= x. Thus x = 4 x 5.56 Il С E 
4 5.56 + 6.28 (———)? 
1+х 


Со 1359 (5 пае тээл шин Аз a means for solution, try x = 10: х 
10.5 (139.7 — 62.8) 10.6 5 (139.7 — 6.28 (10.6)) 
——————— = 1 = = $e = 10.98. = 
-—- г) 596 LM 10.6: x (Te? 556 10.98. Try x 
Ns xm ТЕТЯ {ania ea) = 10.83. Thus С, = 10.83 Cj, and, from Eq. 12.20, о, = 
» ^ е 

Ч C; C? 1 ONT a Mn OOD ора, 1 

C $65 Сү-С: oL  C,*1083C,' 17 1083 ^ (2n x 105 x 10 x 10$ 


= 2.767nF, and C; = 10.83 (2.767nF) = 29.97nF. 
(2.5 x 10? x 10 x 107$y^ 


= 1.006MHz. 
2л 


Check: for С = 2.5nF, f = >: су" = 
| . р C; tC; 
For loop-gain > 1: With C; set 5% lower than calculated, the loop gain will be ЕГЕ 
2 


C, + 10.83 C, (.95) 


10.83C (.95) 
For diode limiting: There are several views of the limiting mechanism: One is to find the gate 
conducting-diode resistance, Miller-multiplied by the follower action which reduces the existing load at 


the gate (К,) by 10%. This value is about 10 К. Now r, at Ig is about m Since the loaded fol- 


C 
lower en is originally шог = түсе; * (1 + 1/10.83)! = 0.915. Thus, 10 (6.28) = 
25 x 107 1 25 х 107 
——— —— — ——-, and Ig = ——— (11.76) = 4.68рА. Now for Ig = 4.68рА, = 0. 
iz a- 915) and /с 10 (6.28) (11.76) u ow for Їс 8uA, Vg = 0.7 + 25 
In хех. 0.57V. Now for Ugg raised Бу 0.57V, ip = 4 (1 — жир 6.60mA, of which AmA 
is absorbed by the current source. 


= 1.097 = 1.1, or 10% larger. 


2 
| 
Now for a load resistance of 5.56 || (6.28 l| 6.28) i c C 1+ C/C; 


y = 5.561 эл | 
| -2 
= 5.56 1 |5.71 posted ct = 5.56 Il (5.71 (.831)) = 5.56 || 4.745 = 2.56КО, the peak 
1 RE SS 91111123 А 

* (10.84) (0.95) 

output swing is 2.56kQ (6.60 — 4) = 6.66V. A second, simpler, view of finding vi peak output is sim- 
ply to use ugs < 0.7V, say 0.6V, and proceed, as above, to find ip = 4 (1 ~ ey = = 6.76mA, and a 
peak output of (2.56) (6.76 — 4) z 7.1V, or, using a much simpler view of the load as 5.56 1 6.28 = 
2.95kQ, find a peak = 2.95 (6.76 — 4)  8.1V. 
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For triode-region limiting: For Vgg = 0, V, = +3V, and ugs = 0, triode-mode operation for О у begins 
for 0,4 = 1У,! = 2V, that is for ug; = 3 – 2 = 1V. Now for vg; = 1V for a 2.56KQ load, iy = 1/2.56 


VD 
= 0.39mA, ip = 4 + .39 = 4.39mA, and 4.39 = 4 (1 – Sh, 9с 52 (S )^ — 1) « 02V, for 


which Ups; = 3 — 1 = 2V, and pg; = 3 – 1 — 0.2 = 1.8V. Triode-mode operation begins for О», for 
Эрс2 = Vps2 = 2V, that is for V. = — ЗУ, when Vs; = Up2 = V, = -1V. Now it is apparent that the 
worst case occurs for Qj, although that for Q» is easier to calculate. For simplicity, use the vgs = 0 
characteristic. Now to reduce the loop ” from 1.1 to 1, the triode-region resistance must reduce the 


| С, 
equivalent load resistance from 5.56 [|| | (6 Woe) 1 = 5.56 || (6.28 (.831) = 5.56 Il 5.22 = 


2.69kQ to 2.69/1.1 = 2.45kQ to reduce the loop gain to 1. Now Кт 1 2.69 = 2.45, or Rr-2 2.45 || —2.69 
= 27.5kQ. Thus, the triode slope resistance must be about 27.5kQ. Now, ip = К (2 (ugs - Vr) 


; oxy D V D 
Ups — vs), which for [pss =K V2, and Үг == Vp IS ip 5 Ipss (2 (1 = Vo үс = CV». Now 
р Үр р 
Ч ð ip д^ 
са йшй = (65205. Now, zx nia d aid эн (02 
Л 9 Ups 4 9 ip 


Ups)'kQ. [Aside: Note that Rr = 0 at ups = 4/2 = 2 = IV,l, since Уд is assumed infinite.] Now 
1/4 — 2 Ups) = 27.5kQ, for 1 = 110 ~ 55 Ups, or ups = (110 — 1)/(55) = 1.98V. Accordingly, for ups 
= 1.98V with ЗУ supplies, a peak signal output of about 3 — 2 = 1V would result. 


-⁄ 6 6 LC, Cp С 
Q, = (1, С.) = 2 п (2.015) x 10° = 12.661 x 10" rad/s — — — (1). œ, ——— = 27 
Cs + Cp 
(2.018) x 106 = 12.679 x 10° rad/s — – — (2). Q so, L/r = 2 10. Now œ, 0, Thus r = 
12.66 х 109 1 + Cp 1 1 1 
——— x L = 253.2 L ~ ~ – (3). From (2), L = — ши a cL qois iust 
50 x 10? S e o2  .C, C, 02 (С, ёо 
1 ] 1 
= EHE. 7 = (12.679 x 105? | ———— + —-| --- (4). Now, fi DES 
4 x 10 Е. Thus L = (12.679 x 107) ine (4). Now, from (1), 1 m 
1 3, 2.015 3 1.555 х 1073 _ 
(c е 1/С, = 02 L. From (4), 1, = 1.555 х 10 + 20187 LLS — 0097 = 0.523H, and г 
= 253. 2 (.523) = 132.50, with С, = m = ша = 0.0119pF. Note, as suggested, 


w? L (12.661 x 109) (.523) 
that the topology of Fig. 12.16 is the SAE as that in Fig. 12.13, in which oscillation is possible with the 
crystal acting as an inductor. In both cases the amplifier input voltage across C, is СУС» times that 
across Сү. Now, for an amplifier with input resistance К„ and iy voltage V4 (across Rin and Cy), 
the i across C,isV,;=C ҮС: V5, where, for no power loss, УК must be the same in each case. 
Vi (CY¥C2) Vj 


Thus —— = —— = ———— ——-, whence R,, = (CYC) Rin 2 1/100 Rin, for C; = 10pF and C; 2 
Rin Rpg Req 
1рЕ. Now, the equivalent load on the amplifier is Ку = (Ку + Req) ll, Ку and its gain is — (£m, + тп) 
R 1000k Q 1000 
f 2 
= — : ‚Кы=-————— = and Кү = [RA X (CYC | 1000 
R, = —2 К. For this gain, Rin ILLAR, = 1426; апа Кү, + T+ OR, (C YC) 
— — — (4). Now, the loop E L = 2 R, C/C», must exceed 1 for oscillation. Thus for 2 Ку, CYC: = 
C 
(Ку + ee x ay || 1000 21-05 (5). Now, to solve (4) and (5), try appropri- 
1 + 2R, С, 
ate values of СУС, as a measure of the required gain. First, for чей = 10рЕ nd С, = IpF, CYC, = 
1000 1 2К}, 
= 1000 | x — = 1, = 
10/1 2 10. From (4) and (5), or directly, 2 г |а, +— 1+ 2R, х) [| | 10 Or 10 
fiue. M | 1000, or К, + 2 = 5, Ri =5- 


= , 5 = 100 (1 3-2 (5)) 
1, or R: 5kQ, whence from (4) 100 (1 + 2 (5)) 11 


0.9 = 4. 1kQ. Use 3.9kQ. Second, for larger С, say 2pF, СүС, = 1/5 and 2R; х 1/5 = 1, or RL 


2.5КО, whence 2.5 = Ку + PEST or Ё{ = 2.5 — 40/6 = -4.17kQ. This implies that for К 
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0, a critical value of C/C; exists: Ignoring Ку, from (4), R} = | Тэр х x. and from (5) 2R; 
C; 1 С, С, 1000 ИЙ - С 
—— = 1, or К  ————- = ——-. Substituting, —— = —————— —— x суз Зарыг a 
С; 2 СУС, 20 5 3С, c; ov? Tec, х 
1+2 2C. 
| 


| 2000 С, С, 
(=), — + (— = ———., — —) = Ы A 2 
D^ c Cc ) (CIC or сс? + Cc. y = 2000. Thus, СУС, < (2000) 6.69. Try 
CYC, = (2000 — (C7C1))". For СУС, = 6, C/C, = (2000 — 63)“ = 6.5. For C/C, = 65, CYC, = 
(2000 й сэл = 6.44. For СУС, = 63, СУС, = (2000 — 6.3%)!“ = 6.46. Thus CYC, = 6.4 for which 
Су = — 
| 6.4 
value of R; occurs for the smallest value of Сү, that is for C, = 1pF, and is R, = 4.1kQ. 


= ].56pF is an estimate of the critical value for which R; = OkQ. Otherwise the largest 


SECTION 12.4: BISTABLE MULTIVIBRATORS 


12.16 As specified, there is at most a 0.1V drop in the output device(s) with a voltage of 4.9 – 0 = 5.0—0.1 = 
4.9V across the series connection of Кү and А. For corresponding operation in triode mode, ір = К [2 


4.9 4.9 
Ugs — V;) Ups — Vés], or ———— = 1 [2 (5 — 1) 0.1 — 0.17] = 0.8 – .01 = 0.79, R, + R4 = —— = 
(0с 1) Ups bs | R +R, [2 ( ) ] i+ Ro 079 


6.20kQ (or more). Now assuming that the threshold of the symmetric input inverter is at 2.5V, У; and 


Vry each lie 0.5V beyond the threshold. To establish this 0.5V offset, шогийн 58 , for example. 
2 i 
R | 
Thus, — = == 4.8, or R5 = 4.8 Кү. Now Ку + R2 = (1 + 4.8) Ку = 6.20, for which Кү = 620 _ 


'R, 05 5.8 
1.07kQ, and К» = 4.8 (1.07) = 5.13kQ. In practice, 5% resistors of higher values such as 2.7КО and 
13kQ would do the job, although 1% values of 5.11kQ and 24.9КО, would be better. In general, 
higher-valued resistors would save power, ensure a full output swing, and improve output transition 
times, while lower-valued ones would tend to reduce regeneration time. 


Now for device variation, the highest value of Vj, of the input device occurs for К, = 20% high, K, 
20% low, Vm 20% high, and V,, 20% low. Now at Vm, К, (Vy — Vn)? = Ky (5 - Vy - ү), ог 0.8 


(Ул — 1.2? = 12 (5 — Vy, — 0.8)?, or Va - 122 27 a2 - Ул) = 9.45 — 2.25 Vn. Thus, 3.25 V, 
Vin - 3.28 3.28 – 0.1 


= 10.65, or V, = 3.28V. With Vp = 3.28V and input at Үйл, DE ын morc ME Vi = 
1 2 
a (3.27) + 3.28 = 3.96V. Likewise Vi, = mE - (49 — 3.28) + 3.28 = 294V. Now for the 


reversed set of extremes, by symmetry, V = 2.5 — (3.28 — 2.5) = 1.72V, for which Ин = 5 — 2.94 = 
2.06V, and У; = 5 — 3.96 = 1.04У. Notice that for the two extreme versions that the two threshold 
sets do not overlap, although both lie within the power-supply range (0 to 5V). 


Concerning the rise and fall times, a complete calculation is somewhat complex, involving estimates of 

the transition times of the internal node, the Уд, to Vi, range of the second inverter and its gain, as well 

as switching of the output inverter. Alternatively, a quick estimate of output rise and fall times is 

defined by the current available from each output transistor as К (5 — 1)? = 16K = 16mA. Thus &, 

(45—0.5)x1x 107? 
16 x 107 

could be found by including the effect of current reduction due to triode operation over a large part of 


the switching range. As an approximation, the current for Ups = 0.5V is ip = 1 (2 (5 — 1) 0.5 — 0.52) = 
16 + 3.75 


between 0.5 and 4.5V, for a 1pF load, exceeds = 0.25ns. A closer estimate 


3.75mA. Thus a better estimate of the average current would be Бан ийн 9.875mA, and of the 
05 -12 
transition time as зээг ыры = 0.40ns. 
9.9 x 10 


The delay requested includes a lot of factors, the most important of which are first the time for the first 
inverter to reach its threshold, and then for the second to do so. The former is dominated by the input 


- 353 - 


12.17 


SOLUTIONS: Chapter #12-12 


itself which to rise (for example) from OV to Vj = ЗУ, by ЗУ, takes (3У/1У/и5) = 3us!! Now the out- 
put of the first inverter changes at a rate defined by the input-signal rate and by its load capacitance. 
к the former dominates. Now, due to Rj, R3 the signal at the gate of the first inverter pair is 
2 5.13 ; 
[EY "A751 0.83 of the input. Now the gain of the first inverter at the middle of the 
switching region is g,, r, e at the middle ip = K (Vgs - V? = 1 (2.5 — 1)? = 2.25mA, £m = 2 
A 30 
(2.5 — 1) = 3mA/V, and r, = кш E 13.3kQ. Thus, the gain is gẹ 7, = 3 x 13.3 = 40V/V. 
| Ё | 
Thus the rate of change of the output of the first inverter is limited to 1V/us x .83 х 40 = 33.2V/us, 
before e Thus the output of the first inverter will move from 0 or 5V to 2.5V in somewhat 
more than 332VAS JV 7T = 75.3ns. After regeneration, the remainder of the transition will-be faster, with 
the output current driving the 11pF load. Shortly after the transition begins as the circuit regenerates, 


the available current will be at least the 2.25mA middle bias current, for which the remaining transition 
11 x 10? (2.5 — 0.5) 
2.25 x 107 
regeneration that can be easily made, is to estimate the time it takes for the input of the first inverter to 
cross the remaining half of its active region as driven through Аз by the output changing by all (or part 
of) the output range. Now as implied earlier, the input active region is approximated by 5V/40 = 
.125V, and half is about 62mV. Now for a 5V change in output, the current change іп R, is about 
5V/5.13kQ = 0.97mA, most of which supplies the 10pF input capacitance. For the input to move 
., 10x 107? x 62 x 107 "TREE 
62mV, takes about NEN TUTTO = 0.64ns. Thus, regencration, once it begins as the output 
of the second gate begins to move, can be very fast. 


time will be about T = 2 10пз. Now the final (isolated) conclusion about 


130-14 14 


Now for Vg (at node B) high, v4 = 1.4V. For Jp; = ImA, = 1, whence 11.6 _ 


К, Ri 2 
22 -1---1(1). Now for v, low, Уд = Vp4 + Vp3 — Vp2 = 0.7У, and for p; = 1mA, M 
| 2 
QUE La ep D ОЕ Nowadding OS OG) se Ево 
Ry Ку В, К Ry 
052 2 2 = 13kQ, and x - T = 1, and Rj = IU = —13kQ. Now, the negative 
value of А}, not available without active components, implies that the specifications are too tight. For 
example, allow the current in Jp. to increase, say to 2mA, for which change (2) becomes Ра + AL = 
2 1 
2. Now combining the old (1) with the new (2) — 1° ~ ха = 5, К = = = 7.8kQ, and Кү = 
2 2 | 
22213 SET = 2.87КО. Note that while this is a solution, that the latter formulation indi- 


1—11.06/7.8 — 1— 1.487 
cates the possibility of a solution for which Кү = оо, where the term in the denominator reaches zero. 


Examining the circuit with Кү removed, one sees this possibility directly. Thus, for Кү = ee, either 


25-12 = 1 for which К) = 11.6kQ, or AL = 1, for which Аз = 13.7kQ. Now, to ensure 
that the associated current exceeds І тА, the smaller value (or one even smaller) should be chosen. For 
convenience, make A, оо and R} = 10kQ, for which /p; = aa = [.16mA, and [pz = 
мэ = 1.37mA. Now for D; conducting, the current in Оз and D4 must exceed ImA. Thus Кз = 
1 = 5.74kQ. Use R4 = 5.6kQ. Now, the maximum current in D, is 221 + 1.16 = 


1+1.37 | 
3.6mA (< 4mA, as required). Finally, note that the input thresholds are defined by the possible voltages 


at node A, namely Vry = +1.4V and Vr, = +0.7V. For inputs lower than 0.7V, the output is high, and 
va = 1.4V. Now, as v; rises and just exceeds 1.4V, Vg falls, and v4 falls to 0.7V. For v; > 1.4V, vo 
--13У. Now as v; falls, at v; = 0.7V, the output reverses again, and Vg goes іо +13V. 
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12.18 


4.625 


0.375 
VG 

2.875 1.17V 3.83У 
2.5 


For the Оз, Q4 inverter, since Кз = K4 and IV,| are equal, Үд, = Vpp/2 = 5V. As noted on page 934 
of the Text, the transfer characteristic slope exceeds 1 in magnitude for v; between 5/8 Vpp — V,/4, and 
3/8 Vpp + V,/4, or Vpp/2 + (Vpp/8 — V,/4) = 2.5 + (.625 — .25) = 2.5 + .375 = 2.875У and 2.125V, for 
which vg is (Vpp/8 — V,/4), and Ирр — (Vpp/8 — V,/4), or .375V and 4.625V respectively. While a 
relatively complete transfer characteristic is provided for interest, the value V,, = 2.5V is the most 
essential feature. We will use this to estimate the overall characteristic vo/o;. Essentially, for the vol- 
tage at the internal node (A), v4 < 2.5V, vg is high, which for v4 > 2.5, Vg is low, in both of which 
cases, positive feedback via Q5, Q forces node A away from 2.5V in the direction to which it tends. 
Correspondingly, the thresholds at the input are the voltages ù; for which the voltage v4 is 2.5V with 
оу = Vy, when Ос conducts (for Vg high (5V)), and v, = Viy when О; conducts (for Vg low (0V)). 
For Ул, =v, (| = i2 + ig for all devices in saturation, K; (5 – v — 1 = Ку (о — 1)? + Kg (5 — 1)". 
Now Кү = K, = 2 Кє. Thus 2 (4 – V} = 2 (v – 1? + 42, 32 – 160 420? = 2 02-40 + 2 + 160 
(-16 + 4) = 16 + 2 – 32 = –14, and v = 14/12 = 1.167V. Thus Ул, = 1.167V and, symmetrically, Viz 
= 5 —1.167 = 3.83V. Check: 2 (4 -1.167)* = 2 (1.167 — 1)? + 1 (5 — 1), 16.052 = 0.056 + 16 — OK. 


SECTION 12.5: GENERATION OF SQUARE AND TRIANGULAR WAVEFORMS 
USING ASTABLE MULTIVIBRATOR 


12.19 Here, for a 6.8V zener, the voltage values at vg? are + (6.8 + 2 (0.7)) = + 8.2V. Now the ^уз output 
amplifier is a unity-gain follower. Thus the voltage at the RC common node is a triangle (approxi- 
mately) of + 1V peak amplitude. Now for the notation on pages 1003, 1004 of the Text, L* = 8.2V, B 


= RoR, ES and В (8.2V) = 1V, whence В = 0.12195, and R, = 0.12195 (Ку + R5) and R, = .1389 Ro. 
2 


Now, from Eq. 1231, with L* = -L', Ту = шин = КС Їй 0-8) = RC lin | * p = RC In 

1 +.12195 50 x 1079 | P 

2-1-12123 245КС. Thus R = —— — —— — — ; = 0.204MQ. Use К = 200kQ, for which RC 

1 —.12195 .245 x 1000 x 107! 

= 200us, А, = 200kQ, Кү = 0.1389 (200) = 27.8КО, or, better, Ry = 240КО and Кү = 33.3kQ, for 

which use 33kQ. For Ёз, the current exceeds (1mA + 2 ( 2 22 а) = 1.08mA. Thus Ёз = LA =. 

4.4kQ. Use 3.9kQ. Now, using the notation on page 1004 of the Text, v" = Lt - (1+ - B L — )e™, 

or v = 8.2 — (82 — 1)е С, in general. Now до =— 7,2 (jeee = 22 e "C. Thus at t = 0, 

at RC ю RC 

slope is me = 0.036V/us, and at t = 50 из, slope is .036 e 20 — 036 (.779) = 0.028V/us. 
200x 10 S (036 + .028 

Thus the average slope is шинж инж = 0.032V/us, and the slope change is .036 — .028 = 0.008У/и5. 


For the slope change reduced by half, reduce the voltage swing across C, so that 0.036 e 998C = 0,036 
— .008/2 = 0.032, or e 297€ = 8888, 50/RC = — In .889 = 0.1178. Thus RC = 50/.1178 = 424/ps, for 


|! 424 х 1079 | ЗЭЭР 9 E ы : 
which R = — — — —7; = 424КО. Now for this design, at t = 0, 0 = 0 = L'-L'- BLT) = BL” = 
1000 x 107 
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12.21 (continued) 


+1.67V 


-1.67М | 

т у —1.67V«(100/110)522.88V 
=ош, +1.67-1.82=—0.15\/ 

10V | 


! 
- 
o 
е4 
= 


VA 


1.67V 22 
T2=C1R3=10x10 x10 aims 


-9.3V 


vo T3a4R4C1a10 x10 x10 =0.1ms 


Since v4 is limited to —0.7V, and vg can be made lower, the output remains at —10V in a stable state. 


ORs 1—10 (10) -10 (R5 + Ry) 


In this state, for this design: Vc = = —0.833V, Vz = 


Rs-R,R4 10410-4100 К+ Ку + К, 
= ULM = —1.67V, Уд = —0.7V, Vp = -10V. To trigger the circuit, од must rise to —0.7 or 
by (1.67 — 0.7) = 0.97V, and vc to v where v ита = 0.97, or © = +0.97 (1.1) = 1.067V, that is 


from —0.833 to +0.233V. Thus the positive step at v; required is v; = 1.07V. From waveform v4, see 
that the pulse ends when 10 — (10 — —0.7) е1" = 1.67V, or 10.7 е”197 = 8.33, e710? = 0.778, or t 
—1073 In .778 = 0.25ms. Thus the pulse length produced is 0.25ms. For a rate-limited input: i 
2 and i (Rs ll (R; + R2) = 1.07V. Thus 1000 x 10222 x 10* Il (11 x 105) = 1.07, and т» 

1.07 


0.91 x 10^ х 1000 х 10? 
shorter than the output pulse, that the longest recovery time constant, controlled by R4 is t = R4 C, = 


O.1ms, where Эд = —9.3 + (9.3 + 1.67)e 0", and recovery is complete when Од = 0.7 = -9.3 + 
(10.97)e719*, or e" = , or t = 10% (.093) = 9.35. 


= 117.6V/s = 118V/s. For recovery: See that for a positive input pulse 


0 
10.97 
Thus it appears that retriggering could occur lOps or so after the output falls (assuming zero recovery 
time for the amplifier). In practice, recovery of the amplifier itself (from limiting) might require some- 
what more time. 
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- 8.28, while at 5Ops, 97 = 48.20. Thus 8.20 = 8.2 — (8.2 + 8[20)e 09^. B = 1 — (1 + B) (.8888), В = 
1 — .8888 — .888p, B = .1112/1.8888 = 0.0589, and the peak voltages of the improved triangle wave are 
at + 8.2} = 8.2 (.0589) = + 0.483V. Now to achieve a + 1V output, two resistors must be added to the 
R4 
output amplifier to produce a gain of 1 + —7 57 = ES = 2.07, or А) = 1.07 Кү. To arrange such 
1 . 


values, one could make R,’ = 10kQ and Ry’, as 10kQ in series with 6800. 


12.20 The required circuit is as shown: 


For a 6.8V zener and 0.7V diodes, the voltage at E is + (6.8 + 2 (0.7)) = + 8.2V. For ImA drain, R4 + 


Кв = LL = 8.2kQ. For +1У square waves, CVM х 8.2 = 1, that is Ra = 1kQ and Rg = 7.2kQ. 
For +1У triangle waves, the thresholds at node B must be X1V. Now, for Кү = 10kQ, R, = 22 Кү = 
82КО. Now for С = 1000pF, to charge to 1V іп DUM = SOps, the current in R must be / = 


-12 | = 
1000х107°х1 me = 204A. Thus R = Berzo = 410kQ. Now the current in Кз is 1mA for Rg 
50 x 10 20рА 13-82 


and Rg, 1mA for the zener, 0.1mA for Rc, and 204A for R. Thus Кз = ТЕЕ 07 


Use R4 = 1.5kQ. Note how easy this circuit is to design! This is because it has a desirable direct rela- 
tionship between particular components and specific functions! 


= 1.589КО. 


SECTION 12. 6: GENERATION OF A STANDARDIZED PULSE — 
THE MONOSTABLE MULTIVIBRATOR 
12.21 See that for B more positive than А, Up = d and vA rises very slowly until v4 > Up, at which 
jt Rs 


Rit Ret Ry and A goes slowly to -0.7У. 


point Vp goes to —10V, vg falls to -10 x 
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| 5V 
4 
У! 4 
ov | | -- OV 
4 ' ' 
4 М М 
ov - 4.3У, 3-2.581.8У 
үр : : ov 
Азуу fll T2=C1(R1+R2)=0.2ms 
a 


2.5V "t 1aC1R2x10x10 x10 «0.1ms 
ov 


For node A, assuming the Гү, D» resistances to be zero, v4 = 0 ~ (0 = 4.3V)e "P: e Now, Эд = 2.5V 


where e740 = 38, or | 107 In 1.72 = 54.2us. Thus the pulse is 54.215 long. Normally, v; would 
be very much shorter than that, a few tens or hundreds of ns, at most, the delay through the two invert- 


ers. For very long pulses at the input, the loop is held open, and the output fall time is an amplified 
version of that at node A. For gain of 40 x 40 = 1600V/V, and 5V output swing, the input active 


2 2 QU е 5 
region is about 5/1600 = 3 х 1 х 10V. Now, va = 4.36 ^ ^ = 4.3e0, and -| = = eg 
3 QU 
At = 54.2us, e" - =, e = — x = = 27 = 2.5 x 10*V/s. Thus the output fall time 
p : 
= 11030 рода, 
2.5 х 10 


SECTION 12.7: INTEGRATED-CIRCUIT TIMERS 


12.23 


12.24 


From Eq. 12.39, T = CR In 3 = 1.1 x 10 x 10? x 104 = 0.11ms. The input pulse must be shorter than 
0.11ms by an amount which guarantees the relationship for component variation. For longer inputs, 
both comparator outputs are high, and the flip-flop is set and reset at the same time. 


Extending Equation 12.38 for the case in which the capacitor voltage is not quite zero, but rather V, 0, 
= Voc —(Vce — v) е7 = 5 — (5 — vje С, Now for v = 2/3 Vcc = 10/3V, 10/3 = 5- (5 — 
аяс 21333363 216060 | RC in ы = RC In  — 069), and 2. 2-0 RC 


-t/RC 
ыг ~ 5-0, Заа 1.666 zm 
0 -060) For v small, s = — ———— =-0.2 RC. Now for T = 1.1 RC, for a 0.1У change in v, 
О2КС 01) x 100 = -1.8%. 


the change in T is —0.2 RC (0.1), or — LIRC 
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12.25 From Eq. 12.41 on page 1013 of the Text, Tj = 0.69 C (R4 + Rg) = 0.69 x 10 x 10? (2 x 105) = 
1385, and Ту = 0.69 C Rg = 0.69 x 10 x 10? (105) = ын = 69ps. Thus the period is Т = 138 + 69 


= 2075, and the frequency 1/207 х 10° = 4.83kHz, with duty cycle Xm x 100 = 66.7%. For RA = 
10КО and Rg = 1kQ, Ty = 0.69 C (R4 + Rg) = 0.69 x 1075 (10 + 1) x 10? = 75.9us, and T; = 0.69 С 
(Rg) = 0.69 x 107? (10°) = 6.9yus, for which the frequency is 759469 ^ 12.1kHz, and duty cycle is 
75.9/(75.9 + 6.9) x 100 = 91 7%. For thé same frequency, Т = 207 x 10° = 6.9 x 10% + .69 x 1075 


(RA + 1) 10, Ry = шог —1 = 28kQ. For 10kHz, Т = 100и, 100 x 1076 = 69 C (Ry +2К), 
00х10 10 
x 


Ra +2 Кр = ———— = 1.45 х 10* = 14.5kQ. There is no combination of resistors which will pro- 
69 x 107 К 


duce 10% duty cycle. Use 9046 duty cycle and an inverter! 


SECTION 12.8: NONLINEAR WAVEFORMPING CIRCUITS 


12.26 For a sine-wave of peak output v, ie v sin wr, the zero-crossing | slope is 90) volts per second. Thus 
the triangle wave reaches 00 X T/4, or ù (27 f) x (I/Af ) = 270/4 = 1702 = 1.57 v, at the peak. 
Though the choice is arbitrary, let us assume a sine wave peak of 0.7V, with Їр peak = 1mA, such that 
the triangle input peak = 0.7 x 1.57 = 1.10V, with the drop across R being (.57) (.7) = .400V. Thus К 
= 0.400/1mA = 4000. Now, in general, v; = 1.10 (6/90), or Ө = 81.8 vj, over the range 0° to 90°. 


Also v = 700 + 50 In i/1, and = e 79959. For v, = 07V, Ө = 90°, v; = 1.10V, 7 = 110.07 = 


0 

ImA. For v, = 0.65V, i = 1 e(6507700/50 = () Зб8пА, v; = .65 + .368 (.4) = 0.79, Ө = 81.8 (797) = 
65.2", and 0.7 sin 65.2" = 0.635V. For V>. = 0.60V, i = e {1600-70050 = 135mA, v; = .60 + .135 (.4) = 
0.654, Ө = 81.8 (.654) = 53.5°, 0.7 sin 49.5" = .563V. For V, = 0.55V, i = е(50-700)50 = 950 mA, v; 

ш 0.55 + .05 (.4) = 0.57V, Ө = 81.8 (.57) = 46.6, 0.7 sin 46.6" = 0.509V. For v, = 0.50V, i = 
еб00-700у50 — O18mA, v; = 0.50 + .018 (.4) = .507, Ө = 81.8 (.507) = 41.5’, 0.7 sin 41.5° = .464V. 
For 0, = 0.45У, i = e(50770050 = 007, v; = 0.45 + .007 (.4) = .453, Ө = 81.8 (.453) = 37.1°, 0.7 sin 
41.5° = .422V. For o, = 0.40V, i = e470 = 0025, v; = 0.40 + .0025 (.4) = .401, Ө = 81.8 (.401) 
= 32.8°, 0.7 sin 32.8° = .379V. For v, = 0.35V, i = е090-700/50 = 0009, v; = .35 + .0009 (.4) = .350, 
© = 81.8 (.350) = 28.6", 0.7 sin 28.6° = .335V. For ©, = 0.3У = vj, © = 81.8 (.3) = 24.5”, 0.7 sin 
24.5 2.291V. For v, = 0.2У = v;, Ө = 81.8 (.2) = 16.37, 0.7 sin 16.3° = .197V. For v, = 01У = v, 
© = 81.8 (.1) = 8.18, 0.7 sin 8.18° = .099V. For v, 20V = v;, Ө = 0, OV. In summary: 


Do» 


0.7 8шӨУ =: 0.635 | 0.563 | 0.509 | 0.464 | 0.379 | 0.291 | 0.197 | 0.099 2n 
"TI ls , 
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Note that the output wave is generally "fatter" than the sine wave. 


Vo Vo 


0° 10 20 30 40 50 60 70 80 90* 


12.27 Here, i = 0.1%, with a match at ^ = 2, 4, and 8V, using 0, 3, and 7V supplies. For = 2V, i = 
0.4mA, Кү = 2/0.4mA = 5kQ as before. Now chose V2 = 3 ~ 0.6 = 2.4V, and V4 = 7 — 0.6 = 6.4V. 


| 4-06-24 a 1 
= =4 —— = ‚ —————-— сж=11.60—.б—ш—. 1 = 
For v = 4V, 1 /5 + R, +01 0.1(4)" = 1.6mA. Thus Ry + 0.1 1.6 8 8mA, К» 
1 


-- -0.1z1.15kQ. 


0.8 
POTE: 8-3 8-06-64 _ - M 
For v = 8V, i = тег t gor] = 0108 = 64mA. Thus 1 / (Аз + 0.1) = 6.4 — 1.6 


— 4 = 0.8mA, Ёз = 1 / 0.8 – 0.1 = 1.15kQ. 


Now for the errors; At 3V,i = 2 = 0.6mA, rather than 0.1 (32) = 0.9mA, with an error = — 0.3mA. 


At 5V, = а + po e = | + 1.6 = 2.6mA, rather than 0.1 (5)? = 2.5mA, for an error of 40.1mA. 


5 1.15 +.1 
Thus at 7V, the error is -0.3mA, and at 10V, it is ОтА, just as in Ex. 12.22. 


Now for 1mA diodes with n = 2, with V; = 2.4V, V4 = 6.4V. Now at v = 2, i = 0.4mA and R, = 5kQ 
as before. Now at v = 4V, i = 1.6mA, with [рз = 1.6 — 0.8 = 0.8mA. For 0.8mA, vp; = 700 + 50 In 


33 = 689mV. Thus А, = 2221 1- = 1.139kQ. Now at v = 8V, i = 6.4mA. Here Jp; = 


0.8 
1.6тА, and /к2 = Se = 4.30шА, Орд = 700 + 50 In 4.3/1 = 773mV, Ip; = 525—115. = x = 
4.24mA (OK), Thus, Ip = 6.4 —1.6 —4.24 = 0.56mA, орз = 700 + 50 In .56 = 671mV. Thus Кз = 
BLAME = 1.659kQ. 


Now for the errors: At 3V, i = 3/5 + ipa, Vp = 3 — 2.4 — Ig = 0.6 — Ір. Try ip = .05mA, vp = 700 
+ 50 In .05 = 550mV, vg; = .05 x 1.139 = .057V, and Vp + 2р2 = .607V (rather than .600V) (OK). 
Thus i = .6 + .05 = .65mA, rather than 0.9mA, for an error of —0.25mA. At 5V, the required i is 0.1 


5 3-24-Vp2 5 2.4 – 0.7 1.9 
Z = — —————— у —— E = 5 = 
(5) = 2.5mA, and the actual i = 5 + 1139 1 + 1139 1+ ЖЕЙ c pd 


2.67mA. Now for D», and Їр» = 1.67mA, vp; = 700 + 50 In 1.67 = 726mV, ip? = 1.139 
1.64mA. Overall, i = 1 + 1.64 = 2.64mA with an error of +0.14mA. At 7V, required i = (0.1) (7)? 


ДОА end вай Pe ee LX. шы = 15У 

: a actual i = 5 + 1.139 + ГЄ59 ‚ Whic M a , ipa = 

= = 338mA. Now vp; = 700 + 50 In 3.38 = 761mV, ip; = ———————— = 3.37mA. 
1.139 E 1.139 


Now ip3 = = 0. Thus i = 1.4 + 3.37 = 4.77mA, with an error of — 0.13mA. At 10V, 


1.659 
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10 10 — 2.4 – Vp2 10 — 6.4 — Vn3 


€ 10? = 10mA. Actual i = „те ын лр Now ip2 = 
meu ЕТТЕ е 5.99шА, for which vp, = 700 + 50 In 5.99 = .79У, ip; = SD = 5.99mA. 
Now ips = D = 174mA, for which vp; = 700 + 50 In 1.74 = .73V, ipi = 
"вес. = 1.73mA. Thus i = 2.00 + 5.99 + 1.73 = 9.72 with an error of 

— 0.28mA. " 


v 5 
12.28 For each of the top two circuits to which v; and v; are applied as in Fig. 12.44, ip = a Jee v /hV, 


where Vg = —vUp, Ug = -nVrz ln ‚ for v; > 0. For the lower circuit to which we apply —03: Vg 


5 
D X D2 
V3 V3 Ui V2 . ,—-R (К 15)? 
+пУт | . Thus vp = — nVr (In —— - In —— —- In ——) (—) = 1 ————— 
TOME us Up nr dne "ТТ; "RT UR) nV, ln = 
RI 
Vela: к РТН Е РИА СРР 
п n ow E e——In = : 5 = = 
оз Rl BS т R Is v; Жог 27 
К 15 0) 2 VD) V2 | V; V2 ЭР . 
——— = — ———. Thus to obtain vg = , add one unity-gain inverter at the input of the 
К Is 33 U3 V3 | 


lower logarithmic circuit (for 03), and a second unity-gain inverter at the output of the antilog circuit. 


Now, as a check, for a 1mA diode with n = 2, 1kQ inputs, and voltages of 0.5, 1, 2, ЗУ applied: at 
ImA, v = 0.700V; at 0.5mA, v = 700 + 50 In 0.5 = 665.3mV, at 2.0mA, 9 = 700 + 50 In 2 = 


734.6mV; at 3.0mA, v = 700 + 50 In 3 = 754.9mV. Test LM. See up = —1/1 (— .6653 — .6653 
4.7549) = .5757У. Now v4 = 
| еС100+5757у50 - 0832mA, Vg = .0832 = 1/12 as required. Test : See vp = = (—754.9 - 


754,9 + 665.3) = 844.5. Now ig = е(70048445950 = 17.993, vg = 17.993V = 18 as required, provided 
: see directly OK, with Ug = 1. 


3x3 


of course the supply voltages are high enough! Test 


SECTION 12.9: PRECISION RECTIFIER CIRCUITS 


12.29 This is called an absolute-value circuit. 


bottom рай “40р part 


1 


vi 
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12.30 


Note that while К» is a constant load on the output, 
since its leftmost end is always at ground, the non- 
output end of Кз is connected to the ac input. Thus 
R3 >> К» for least effect, and usually R} > R for 
relative efficiency. For equivalent offset current 
effects, R3 = R; ПК) = R/2 with R >> Ro. 


OVI 


12.31 


Here, 100Vrms = 141.4V peak, 140Vrms = 198.0V peak. Design for +10У at node B for 140Vrms 
input. Now R5 supplies a current which cancels the effect of Юу as ù; goes negative, until it reaches 


R 
100V rms. Thus P» = T — К = 0.1061 Кү. Chose Кү so the change of input from 141.4V peak 
l * 
to 198V peak produces an extra ImA. Thus DELE = ]mA, or Ку = 56.6kQ — use 56КО in 
1 


series with 6200. For vg = 10V full scale with ImA, К) = 10КО, Also Rs = 0.1061 x 56.6kQ = 
6.00КО — use two 12kQ resistors in parallel. 


12.32 For 9 = +5У: vg = +10V, and since ug = +5V, Uc = OV, ug = (1 + 12) 5 = +10У, v4 = +10.7V, 
Up = —-0.7V. For v; = 0V: ug = OV, and since Vg = OV, uc = OV, vg = OV. For оу = -5V: vo = 
+10V, and since Vg = -5V, uc = OV, ug =- = (-5) = +10V, v4 = —5.7V, Vp = +10.7V. The input 


resistance is (ideally) infinite. The circuit could be called a full-wave doubler rectifier. 


- 362 - 


SOLUTIONS: Chapter #12—21 


12.33 


^ 
o 


Note that the gain is generally vo% = 1 + RZR,, 
ud for КУК, ù < (407 40.7 = 14V, 1 + 
| C (gain of. 1) (Ro ll RaYR, for ((R2 ll R3YR y Эр between 1.4V 
(14mV, 1.41V) and 1.4 + 6.8 = 8.2V when the zener conducts, and 
"B losin of $1) 1 + (05 П Кз П ОУК = 1V/V beyond. In i? A, 

1 


К | 
for 0 < v. zis teg. — = 
or 1 К; 4 100 14mV, — S = | 


R 
[^ ttn ало 205: ын = 101V/V, and vg reaches 101 х 


(150mV, 8.35V) 


-^ (^ ы ^ є o ч о € 


20 40 60 80100120140180 — VI mv — — = 1.414V. In region B, for 14mV < vy, < 


1 Uo 
14mV + 6.8V x ———— = V —= 
is : 100 11100 шү, Vy а 


Ry WR 
(R2 Il R3) T 100 1 100 51У/У, and vo 


(150 — 14) 
шшш: 


Vo 
C, for 150mV < v, < о, 22 = 1V/V. Due to the 
\ | 1 
bridge connection, saturation is symmetric for posi- 
tive and negative inputs. 


"es 8.35V. In region 


12.34 The circuit is a dc restorer and rectifier, using the lower and upper amplifiers, respectively, to create 
ideal diodes. For a 100mV peak sine wave at the input, the voltage at the intermediate node (В) is a 
100mV sine with lower peaks at OV and upper peaks at 200mV. Correspondingly, the output v, would 
be a dc level of 200mV, which would remain if the input is lowered or was removed. То return the 
output to zero from a peak-to-peak input v, one could use a resistor R, to ground at the output, or 
(better) to a negative supply connected to the output. For a ground connection, and a return to OV in 
10/f , the time constant RC is such that 1/f < Кү C < 10/7. For 95% recovery, one must wait 3 time 
constants (since e^? = .05). Thus, 3 Ё C = 10/f, and R; = 3f С = 48 For input average drift at a 


low rate, the drift signal is coupled via the input C to node В where the resistance is infinite. Thus the 
average voltage at B would rise, and the output at C would rise to represent the maximum peak-to-peak 
value of the combined signal at f and f/100. To correct this, add a resistor R2 from node B to ground 
(or to a negative supply). Now, from a filtering point of view, we want a high-pass filter with a pole at 


fo, for which f is clearly in the passband and f /100 is rejected as much as possible. Now the transfer 
RCs ЈАСО 


function from v, to ug 15 Т (5) = THR Gs’ and T(j@) = тое s ‚ whence ITI = 
i 7 | КСю — | 
—————— | =0. ‚ Т1 =1+——— = 1.108, ——— = (1.108 — 1)# = 0.33, 

ня 1 95, Now, at @, | (RCo, RCo, (1.1 ) 3 

oo 3 ‚48 / 1 1 

ошата и узе Куло сс, Now at (i ne REN а, 

7 7 RCs 35 

| 1 1 

= = | ————— = —— = 20 03 = —30.5dB. T 

EU ixl 2nf 14010052 333 7a bog A 
14 |— 4 
3(2х //100) 3 


implies that a "volt or so" of drift will be reduced to "1/30 volts ог so", or to around 300, still 
significant, but about as good as can be done. 
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Chapter 13 


MOS DIGITAL CIRCUITS 


SECTION 13.1: DIGITAL CIRCUIT DESIGN – AN OVERVIEW 
13.1 


Lic чом, 


Here VoL =  (Q.0V, Vou = 3.3V, Vy - 12V, Viu = 18V, Vin = 1.5V, VM = 15V. 
NM, = Үү = VoL z12-0z 1.2V, NMy = Von = Vin =3.3-18= LSV. 


13.2 


— 1 CYCLE | 


In one cycle, each inverter makes 2 transitions. There are 5 Грін and 5 tpp in опе cycle. There аге 10 
transitions altogether in one cycle. [Count this from the diagram, or calculate as 5 x 2.]. At 100 MHz, 
the period is 1100 x 10°) = 1075s = 10ns. Thus each of 10 transitions takes 10/10 = 1 ns on average. 
Thus tp = 1 ns. If їрїд = 1.2tpy, and (ірі, + trup Y2 = 1, then ¢tpy,(1 + 1.2) = 2, њы = 22.2 = 
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12.34 (continued) 


Vo - Front end of a sine wave 


Ut. » 


Long-term-drift 
envelope of a few 


200mV 
tens of millivolts 


ry 


попат 121101, 
t 
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13.6 


13.7 


13.9 


13.10 


SOLUTIONS: Chapter 4113-3 


Check: 


Finally, NM, = Vy, - Vo, = 1.3875 – 0 = 1.3875У, and NMy = Voy – Vig = 3.3 – 19125 = 
1.3875V 


For V,,: Both transistors operate in saturation, sharing the same current i, with uy = Vg = Vj, 
Thus i = V2k,(Vpp — Vin — V1 Y, and i = V2k, (Vj, — Vin)”. 

Equating and taking square roots: Vpp — Vm — IVpl = Vip (Ун - Ум). 

Thus Vm = [Мор — [Vel + Vk,/ks Vu] / + ҮК К], as provided in Eq. 13.8. 


From part of the solution to P.36.6 above, for Vy, where 
Ум = [Уор = 10,1 + kk, Vin + ҮЛ], where 
і = V2k,(Vpp — Vu — V1 , and i = V2k,(Vy — Vin)? 
Generally, г„ = 0i/0v, where for v = Vy: 

mp = kp (Vpop = Ум = Уу) = kp 27k, = N2ik,, and gmn = ka (Vy — Vm) = V2ik,. 
Also rj, = Ил, and Fon = Уд. 
VAp VAn 


VA р + Van си 


Gain = — (gmn + 8mp)(Ton ll rop) = Ү2 (Үйл + Vk, A 


Хол (Чы + ҮЕ, Vap Van Y(Vap + Van) 

ын [2(Vpp ин Ум i IV, IU Vk, AK, + 1)(Vap Van X(Vap * VAn J. 

Thus the transfer slope at Vy is 2(Vk/kp + 1)(VApV Ani (V Ap + VanKVpp — Ум — !Vepl )] 

Now, for Vin = ipl = 0.6, IVal= 20У, k, = К, = (1.20.8)(100) = 150 pA/V?, 

the gain is — 2011 + 1)20 x 20(40 x (3.3 — 1.65 - 0.6)) = oe — 38.1 V/V. 

Check: From first principles, numerically: Vy = 1.65, i = V2(150 x 10 9((1.65 — 0.6)? = 82.7рА, 
r, = 2082.7 х 10% = 0.242MQ, 8m = V2(2)150 х 10761.65 — 0.6) = 1575нА/У, and the 
gain = — gar, = — 1575 x 10% x 0.242 x 10° = 38.1 V/V, OK. 


See k, = (20) х 8/2 = 80LA/V?, k, = (10) х 16/2 = 80uA/V?. From Eq. 13.6 and 13.7 of the Text {or 
directly from the triode relation, that і is, ip = k (Ves — V,)Ups — 02502) = k (ugs — V;)Ups, for small 


1 , 
Vps }, see rps = Vps/ip = kasav) For input high, rps = 80 х 10:5(5-1) = 3.125kQ. For 
input low, rps = -----т-г-- = 3.125k Q, the same, since the inverter is matched. 


80 x107 (5 — 1) 


Maximum currents are the same for both the p -channel and n-channel devices. 

For the output connected to an opposing supply, Imax = k/2 (Vcs — У, 2 40 x 10$ (5 – 1)? = 640нА. 
For the output at Vpp/2, I = k ((0сѕ — V;)Ups — Vps/2) = 80 x 10% (5 — 1) 2.5 — 2.572) = 40 x 107% 
(0 — 6.25/2) = 550рА. 

For the output 0.1Vpp from the limit, I = 80 x 10% ((5 — 1) 0.5 — 0.572) = 80 x 10% (2 — 0.25/2) = 
150 uA. 


For all the inverters, Vo, = ОУ, Уон = Урр, as Урр varies from 3.75 to 6.25V, and asV,, = Vp = V, 
varies from 0.75 to 1.25V, with k, = kp. From Eq. 5.94: Үр, = 1/8 (3 Vpp + 2 V,). From Eq. 5.93: 
Ун = 1/8 (5 Vpp - 2V,), ог Vin = Vpp — Уп, generally (for symmetry). Now for Vj; to be largest, 
Vpp = 6.25 and V, = 1.25, whence Уу, = 1/8 (3 (6.25) + 2 (1.25) = 2.66V, for which Уң = 6.25 — 2.66 
= 3.59V. For Vy, smallest, Ирр = 3.75 and V, = 0.75, Vi, = 1/8 (3 (3.75) + 2 (0.75)) = 1.59V, for 
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0.909 ns and tp;y = 1.2(0.909) = 1.091 ns. 


13.3 See that the static dissipation is zero. Thus Ше dynamic  power/inverter is 
Рр = (300 x 10% x 3.3у5 = 990 х 10:55 = 1984 W. 
Now Рр = fCV?, and C = Pf V2) = 198 x 10 9(100 x 10° x 3.32) = 0.182 pF. 
For this logic, tp = (16100 x 10°)Y10 = Ins and DP = 1 x 10? x 198 x 10% = 0.198 pJ 


13.4 For the gates, 4, = (30 + 10)/2 = 20ns. Total delay through 5 gates for 2 transitions each is T = 5 x 2 
х 20 = 200ns. Frequency of oscillation = 1/Т = 1/200ns = 5MHz. 


Q) 110ns © 90ns 0) 
1 


104304104304104304102130ns 


Note that [2]-(2)for matched gates. 


SECTION 13.2: DESIGN AND PERFORMANCE ANALYSIS OF THE 
CMOS INVERTER 


13.5 Since 44i, = 10040 = 2.5, then from Eq. 13.10, for a matched device 
(W/L), =2.5(W/L), = 2.5(1.21um/0.8]m ) = (3.0 (um0.8um). 
Since the generic process uses a supply of Vpp = 3.3V, Vo, = 0V and Voy = 33V. 
From Eq. 13.8, with V,, = 171 = 0.6У and k, =k, for matching. 
_ Урр ~ 11+ МАЛ, Va 3.3 — 0.6 + V1(0.6) 
и TET g 1 + V1 
[Of course, this result could have been written down directly.] 
From Eq. 5.94, Уу, = (3Vpp + 2V,y8 = (3(3.3) + 2(0.6)у8 = 1.3875V. 
From Eq. 5.93, Viy = (5Vpp — 2V,y8 = [5(3.3) — 2(0.6)y8 = 1.9125V. 
From Eq. 5.95, NMy = (3Vpp + 2V,y8 = (3.3) + 2(0.6)y8 = 1.3875V. 
From Eq. 5.96, NM, = (3Vpp + 2V,y8 = 1.3875V. 


Vin = 3.32 = 1.65V. 
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13.11 


13.12 


13.13 
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which Ин = 3.75 — 1.59 = 2.16V. Now VoL is always OV, and Voy ranges from 3.75V to 6.25V Уп, 
from 1.59У to 2.66V, Vi, from 2.16V to 3.59V. See that the noise margins between gates (with dif- 
ferent supplies and different V,) vary widely: Consider NMy = Von. ~ Vin. Highest is 6.25 ~ 2.16 = 
4.09V. Lowest is 3.75 — 3.59 = 0.16V (See that this is very bad). Consider NM, = У; — V 

Highest is 2.66 — 0 = 2.66V. Lowest is 1.59 — 0 = 1.59V. i = 


From Eq. 13.12, for an inverter with a fanout of 1, 
С = 2С,а| + 2С,а2 + Cap, + C452 + Сз + С. + Cw. 
For the matched inverter, (W/L), = (1.20.8), and (W/L )p = (10040)(1.20.8) = (3.00.8). 


Thus, Ceai = 0.5 х 1.2 = O.6fF, Сал = 0.5 х 3.0 = 1.5єЕ, Саьд = 2.5 х 1.2 = 3.0fF, 
Саь2 = 2.5 х 3.0 = 7.5fF, Съз = 1.8 х 0.8 х 1.2 = 173fF, C,4 = 1.8 х 0.8 х 3.0 = 4.32/Е 
C, = C,3 = 1.73fF. 

Thus C = 2(0.6 + 1.5) + 3.0 + 7.5 + 1.73 + 4.32 + 1.73 = 22.5 fF. Since the inverter is matched 


1.7C 1.7 x 22.5 х 1075 
эш = ЇрнІ, = tp = = ———————— x(1.309.8) х 3.3 = 77, 
БЕН. ОРНЫ ГОР ТО БОЛ Vpp 100 х 1076 IUSSI IRE 
For the | assumption of | constant current, From Eq. 13.14, in saturation, 


ipy (0) = V2k, (W/L), (Vpp — V;}. 
From Eq. 13.17, tpu, = СУрь/2Лр (О). | 
Now for V, -0.2Урр, ips (0) = V2k,(W/L), (1 — 0.2? Vip = k,(W/L), V&p(0.32). 


Thus / C Vp ort 1.6C 
E T e == PHL = == ==; 
PHE 7 (60942), Урь(0.32) k,(WAL),Vpp 
Alternatively, rom Еа. 5.101, t = | t+ |а ———————— 
» f ш PHE i (W/L) (Урр = У,) - -V, Vpp 


For this case, in which Vpp = 3.3V and V, = 0.6V, 


| 2C 0.6 3(3.3) — 4(0.6) | 
Кы нн ы eh e Кышы cd Lg Dance 
PHL 100 x 109(1.20.8)(3.3 — 0.6) | 3.3 – 0.6 3) 


» 2C 
100 x 107$(1.5)2.7 
Now, ignoring the fact that here V, = 0.63.3Vpp = 0.182Vpp, (rather than 0.2 Ирр). 
1.7C 


Von Ea. ав LL sce МУСЕ 
шиг PHL = 100 x 10 5(1.20.8)0.3) 
| 1.6С 


From th tant- t calculation above, ену = ————————————— 
rom ine constant-current caicuiauon ado PHL 100 x 10 5(1.20.8)8.2) 


х [0.22 + 0.41] = 3111 C s. 


= 3232 С 5. 


Assuming the estimte from Eq. 5.101 to be the most accurate, it is interesting to see that of the simple 
approximations, the one found here, is best. It is certainly, the easiest to obtain from first principles. 


For simplicity, use k = k,(W/L)n, and substitute V, = 0.1Vpp. 
From Eq. 13.14, ip(N)ip(0) = V2k(Vpp ~ Vc)? = КУбь(0.405) — — — (1) 
From Eq. 1315, ip(AV)ip(M) = К[(Урь — У,)Урь/2 — (Vpp/2)72] = kVjp(0.9/2 — 18) = КУбь(0.325) 


Thus, ip (av) = КУрр(0.405 + 0.325у2 = kVĝp (0.365) 
From Eq. 13.18, tpu, = СУрь/2(0.365ЕУ/Дь) = a. 
kVpp 


Now for the current in (1) sustained for the half transition, 
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1.23 
tpn, = CVpp/2K0.405kV gp) = 2 From Eq. 5.101 on page 434 of the Text, 
2C V, 3Vpp nd 4V, 
tex, = —————— |————— + Nn 5 
ECT A ЕГУ; = a BENE 
2C 0.1 3 — 4(0.1) 2С 1.31С 
= түг от | оа |D [IL 46. (91114 0478) = 121€, 
КУрр(09) (1-01 ^ ^ "| 1 | Ейрр(09у ул лол e E 


Obviously, the sustained saturation result is reasonably good and certainly simple to obtain from first 
principles. Notice, as well, the impact of change of V, from 0.2 Уш to 0.1 Vpp, being a change in the 
coefficient from 1.6 to 1.2 in the simplest constant-current formula. 


From P13.8 above, &, = k, = 804A/V, ІУ, = ГУ, Vpp = 5V. For V;, = Vpp/2 = 2.5V, leak = ip = 
80/2 (2.5 — 1)? = 90 р A. Assume (for the present purposes) that rise and fall times are measured 

from 0% to 100%. As the input gocs from 1V to 
4V, the current flow is triangular, with a peak value 
of 904A. Over an interval of 3/5 х 7/4, the aver- 
age current is 90/2 = 45pA. This happens twice 
per cycle. Thus the average current per cycle from 
2 (35) ie x 45 = 13.5НА. 
The average current due to capacitance load is 
CVpp f = 0.5 x 10? x 5 x 20 x 106 = 50 uA. 
Total average current = 50 + 13.5 = 63.5 uA. With 
load, Pp = 63.5 x 10% x 5 = 317.5 WW. Without 
load, Pp = 13.5 x 5 = 67.5 LW. 


self conduction is 


From Eqs.13.18 and 13.19, гры, = pue ipusa = 
rom Eqs.13. an 17, (PHL = k, (W/L) Vpp , PLH k, (W/L )p Vpp 


Неге, k, = 2k, = 20рА/У, and (W/L), = 12(W/L), = 8um/2um. 
B » _ _, _17х05х101#_ 345: 

For Vpp = 5V, IV,! = 0.2Vpp = ГУ, and гру = ѓын = tp. = 20 x 105 (S2X5Y x 195 (82)5) . : 

For a 5-stage ring oscillator, f = [10(2.12)]! = 47.2 MHz. Ignoring the transition-time peak-current 

flow per gate, Рр = f CVáp = 47.2 x 10° x 0.5 x 107! (5?) = 5901 W. 

The Delay-Power product DP = 2.12 x 10? x 590 x 107% = 1.25 x 1077 = 1.25pJ. 


Неге, Vpp = 1.3V, IV,| = 0.8У, (a) О, conducts for ù; from 0.8 to 1.3V, and Q, conducts for v; 
from 0 to (1.3 — 0.8), or 0 to 0.5V. For ù; = 1.3/2 = 0.65V, neither transistor conducts and ір = 0, 
(b) Output voltages range from 0 to 1.3V. Уон = 1.3V; Уор, = 0.0V, (c) Уп, = 0.8V, and Үр = 1.3 — 
0.8 = 0.5V. [Note that Ун > Ун!| Between Vj; and Ин, no current flows. 


1.3V 
vO 
1.3 v OV 
1.3V 0.5V 
0.8V 
vl vO OV (1 
0.5 0.8 1.3 0.3915 
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(d) (Note in considering the transfer characteristic, that the small capacitor at the output holds the out- 


put while neither transistor conducts. (e) ip = V2k (1.3 — 0.8)? = 1/2 x 20 x 10$ (0.5)? = 2.5uA peak. 
For Vg at 0.8V, ip =k [(ogs — У,) Ups — 0252] = 20 x 10% [(1.3 — 0.8) 0.8 — 0.872] = 1.6uA. Aver- 


. 1.6 2. | 
age current is MEC dC 2.05uA, and the time for a 0.8V change (from 0 V to 0.8 V) is Lt = 


1 х 107? x 0.8 


2.05 x 1079 | 
put moving from 0.8У to 1.3V, the average current available is (1.6+0)/2 = 0.8нА. 
13-08 
шинээ 0.8 х 1075 
tion time is about (0.39 + 0.625) = 1.02us. Considering the driven stage with input at 0.8V, the avail- 
able output current is OA. At an input of 1.3V, the available output current is 2.5рА. Thus, the aver- 


= 0.39 р s. Conclude that propagation delay is more than 0.39us. Now, for the out- 


Thus, the time to reach 1.3V from 0.8V is about 1 x 107? x = 0.62515, and the total transi- 


0 4- 2.5 : 1.0 x 10^? x 0.8 
age current — = 1.25uA, and the propagation delay = ——————————— = 0.64 
Ё 2 Н propag Y= 125 x 10% x 
TUE 1 | 
(f) Frequency of oscillation of 5 gates is (at most) = ——————————- = 156kHz. 
ae В ) 7 10 (0.64 x 105) i 
Here, k, = (20) x 18/2 = 180uA/V?, kp = (20/2) x 4/2 = 20u A/V?: IV,| = 1V, Vpp = 5V. See Уон = 


5V Vo, = OV. For Vy, = V, V; = Vo = V, both devices are in saturation, and 90 (v — 12-10(5-0- 
19, Taking the square root, 3(0 – 1) = 4 – v, 3v – 3 = 4 – v, 4v = 7. Thus, Vy =v = 1.75V. For 
Ул, =v, Q, in triode, О, in saturation, 90 (v — 1)? = 10 (2 (5 — v — 1) (5 — vo) - (5 - vo), 
9(0- “М -2(4-10)(5-00)-15- vo - ---(1) Now, taking derivatives, 18 (0 — 1) = 2 (4 ~ v) 


A V 
(= —) + 2 (5 – 00) CD - 2 G - vo) =~: Now, with =~ =- 1 9 18 0 – 18 = 18-20 
Me NON ERE. dae Ri MNA o: Substitute (2) in (1) э 
9 (.20g + 0.3 -1? = 2 (4 - 20g — 0.3) (5 - vo) - (5 - Vg)’, 9 (200 - 0.7)? = 2 (3.7 ~.209 – 0.3) 
(5 – 00) - (5 - Vg)’, 0.36 và + 441 - ~ 2.52 vo =37- 9409 + .4 Và 
3.12 + Y 3.122 + 4 (96) (7.59) _ 


—25 + 10 Vg — và, 0.96 và — 3.12 vo — 7.59 = 0. Thus vo = 2 96) 

4.87V, and Vy, = v = 2 (4.87 + 0.3) = 1.275V. For Ун = v, О, іп triode, Q, іп saturation, 

10 (5 - v — S 1) (00) -02), (4 — 0) = 18 (0—1) (09) - 9 vó - - - (1). FTN —2(4 
V д 

- v) (-1 T + 18 vo — 18 vo- | For | --1-3209-8-18-1890418 


Vo + 18 vg, 20 v = 36 е "+ 26, v= 1.8 v, + 1.3 — — – (2). Now, substituting (2) in (1), (4 – 1.8 Vg 
- 1.3) = 18 (1.8 vo + 13 — 1) uo - 9 ъё, Q.7 - 18 vo)? = 18 (1.8 Vo + .3) uo — 9 00, 7.29 — 4.86 
Vo + 3.24 Vå = 324 và + 5.4 vo — 9 và, VS (20.16) + Vo (10.26) — 7.29 = 0, và + .509 vg — .362 


X 4 2 
= 0, 00 = Банн шинийн = 0.400V, and v = 1.8 (4) + 1.3 = 202V. Thus Ур = 2.02V. 


For t,: For ug = 5V, I, = 90 (5 – 1)? = 1.44mA. For vo = OV, I, = 10 (5 - 1)? = .160mA. For vg 
= 175V, I, = 90 (2 (5 — 1) (175) - 1.752) = 0.984mA, and 1, = 10 (2 (5-1 (5 — 1.75) — (5 - 1759) 


=12 Е 
= 10 (26 — 10.6) = 0.154mA. For discharging, tpi, = <— = 05 x 10°? x ($ ~ 1.75) _ 2.89ns. For 


I 107° (1.44 + .984)2 
0.5 x 10:12 (1.75) 


3 = 5.57ns. 
10° (0.160 + 0.154)2 


charging, tPLH = 


SECTION 13.3: CMOS LOGIC-GATE CIRCUITS 


Y = А(В + C). The corresponding pull-Down network (PDN) is shown as Dj. 
Y =A(B+C)=A +B+C=A+B C. The corresponding pull-Up network (PUN) is shown as 
Usbu 1. 
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Now, the PUN dual to D, is U2: 


i 


рер » 


— — (D1) (U1) 


1 “Тү, 
a 5 j 


See that U2 is similar to U;, but not identical, B and C being interchanged with respect to the connec- 
tion nearest to the power rail. 


D» is a PDN obtained from (Л: 


S nig 
E | 


See that D» and D, are not identical, the transistor A (the one with input A) being near ground in D;, 
but near the output іп D,. For this logic function, there are 2 PUN and 2 PDN which can form 
2X2 = 4 different gate topologies in all. | 


13.19 In Fig. 13.15, the РОМ shown is to be called D; and the PUN is to be called Uj. Here, РОМ D; is dual 
to О). 
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D, is р, redrawn more symmetrically. U; is the PUN dual to Р |, drawn directly. U3 is Uz redrawn. 


55 50 
Ч "TE 8 


Using U,, D, and U3, D3, there are 4 possible XOR circuits that can be constructed. When the relative 
placement of the inputs with respect to the supplies is considered, there are two versions of each of the 
perfectly square networks (like U3, D3) depending on proximity to the supply of each of the two series 
layers (of paralleled transistors). Thus for each of these U and D networks there are 2 variations. 
However for networks U, and D», in which the two series nodes are not joined (but, correspondingly, 
not for D3 or U3), there are 4 variations: 


АВ | Ар | CB CD 
CD | CB | AD | AB 


with respect to proximity to a supply. 


Now, for all networks like U;, Dj, there аге 4? = 16 possible arrangements, but for half of these (that 


is, 8), there are twice as many combinations each (the diagonal exchanges in each group of 4 above). 
Thus the number of combinations is 8 + 8(2) « 24 


13.20 
Refer to the transistors by their variable names P4, 


N4, etc. Now №, Ng, Nc, № are all of unit size, 
the same as N in the unit inverter, where 
(W/L), = (1.20.8). Now for matching, Рд, Рв, Pc, 
Pp are all 4x larger than P in the inverter, which 
in turn is 2.5х the X size of N, 
4(W/L), = 4(3.00.8) = (120.8). 


Total area of the NOR is 4[(1.2)0.8 + (12)0.8] 


* VDD 


Ч zt dita. 


= 4(11)(0.8)(1.2) = 44(0.8 х 1.2) = 4224um*. 


This is 44 x the area of a single NMOS. The area 
of an inverter is (1 + 2.5)(0.8 х 1.2) = 3.36um?. 


Thus the NOR is 42.243.36=443.5= 12.6 x 
larger than a single inverter. 


< 


VE SS Us e 


13.21 For a 4-input NAND gate, the N devices are in series and the P devices are in parallel. For mobility 
matching, each P device is the same size as P in the inverter, namely (W/L), = 2.5(1.2/0.8) = (3.00.8). 


For current-drive matching, each N of the NAND is 4 x larger than N in the inverter 
= 4(1.2/0.8) = (4.80.8). 
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NAND gate area = 4[(4(1) + 2.5)(0.8 x 1.2)] = 4(6.5)(0.8)1.2 = 26(0.96) = 24.96um?. 


This is 26x the area of one NMOS, and 263.5 = 7.43x the area of the basic matched inverter, and 
24.96/42.24 + 59% of the area of a NOR? 


+ VDD E VOD Consider one of the circuits resulting from the solution of P13.18 
A | В | above for Y = A(B + C). For a matched inverter, the transistors are 
Ж "1 Р, N where (W/L), = 2.5(W/L), —2.5(1.20.8). Thus, we can say 
с Р =2,5N, referring to width or area (for all devices all of the same 
gz length). Here, Рл =P and Pg = Рс = 2А. А150 
yo Na = Ng = № = 2N. Total area 

=P(1+2+2)+N(2+2 +2) =2.5N(5) + N(6)2 18.5N = 

A | 18.5(1.2 x 0.8) = 17.8 um?, or 18.5x the area of the basic NMOS, 
and 18.53.5 = 5.28х the area of a basic matched inverter. 


Consider Fig. 13.12 of the Text, with input A low and input B active at ^0; = 2.5V. All devices share 
a current 7 with the upper PMOS which operates in triode mode with its drain voltage = V,. Thus, for 
one input active: I = К/2(2.5 — 1 = k2 (Vi - 2.5 — 1)? and I = К,1(5-106-У)-0- V072). 


Thus, (V; — 3.5)? = 8 (5 – V) - (5 – Vl V2 – 7V, + 1225 = 40-8 V, 25 + 10 V, — V2, 2 V2 
—~-9+V 9? — 4 (-2.75) (2) 9+10.15 


— 9 V,; —2.75 = 0, and V, = Sp ee cue c ТЫЛ, 
2 
whence К, = ы (м. = 1.36К. 
(4.787 — 3.5) 


Now, for two inputs active: Vy, =v. Since the two NMOS operate in parallel, the current in the upper 
(series) transistors is i = 24/2 (o — 1)? = ky XY, -v- 1^, and also i = k, G-v-DG-v)-6G 
1.36 | 

21 x (Vi-vo-1)z t x (И; —%›— 1) = 0.82 
У,— 0.82 v — 0.82. Thus 1.82 v = 0.82 V, + 0.18, v = 0.4505 V, + 0.2195, or V; = 2.22 v — 0.220. 
From the second pair: (V; — v – 1)? = (4 – 0) (10—2 V) – (5 — Vj)’, (2.22 v — .220 – о – 1)? = (4 
— V) (10 — 4.44 v + 22) — (5 — 2.22 v + .22)%, or (1.22 v — 1.22)? = (4 — v) (10.44 — 4.44 v) - (5.22 - 
2.22, DE or 1.488 о — 2.977 v + 1.488 = 41.76 — 17.76 v — 10.44 v + 4.44 v? — 2725 + 23.18 v — 
493 v? 198 v? + 2043 v - 13.02 = 0, v + 1032 v - 6575 = 0, v = 
[71.032 + V 1.032? — 4 (—6.575)y2 = 2.10V. Thus, the threshold is 2.10V, for which V, = 2.22 (2.10) - 
.220 2 4.44V. 

Note that a simpler approach results from realizing that with both inputs active, the upper transistors 
behave as a single PMOS with twice the usual length, for which (k, )eg = К„2 = 1.36k/2 = 0.68k while 
the lower pair operate with a combined (kn )eg = 2k. 

Thus | = (Qky2)(o — 1)? = (0.68//2)(5 — v — 1)’, ог (v — 1)? = (0.34)(4 — vy, ог 
0 — 1 = 0.583(4 — v) = 2.33 - 0.5830, or 1.5830 = 3.33, and v = 3.33/.583 = 2.10У, as before. 


К, 
- V))72). From the first pair, 0 – 1 = n" 
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For Y = AB + ACD | obtain the РОМ directly and the PUN ав its dual: 


+ VDD * VDD * VDD 


a TE uy 


For Y = AB + ACD: W, = [3(3) + 2(2)]1.213(1.2) = 15.6um, and Wp = [5(2)](2.5)1.2 = 30pm. 


The total width is Wr = 15.6 + 30 = 45.6um. 

For Y =A(B + Ср): W, [3(3) + 1(32)]1.2 = 10.5(1.2) = 12.6um, and 

Wp [1 + 3(2)]2.5(1.2) = 17.5(1.2) = 21pm. The total width is Wr = 12.6 + 21 = 33.6um, a reduction 
45.6 — 


‚6 — 33.6 
Dd — | 
of 45.6 х 100 = 26.3%! 


For a Buffered Inverter. Total n-width is 1 + 3 + 9 = 13 units, while the total p -width is 2 + 2 (3) + 2 
(9) = 26 units. Thus the total width (and area) is 39 units. For a Buffered 4-Input NOR: The input 
gate uses 4 n-channel devices of unit width, and 4 p-channel devices whose width is 4(2) units [since 
the input stage is "basic-inverter compatible"]. Thus, the total width (and area) of the input stage is 4 
(1) + 4 (4)(2) = 36 units, and of the two buffer stages is 39 — 3 = 36. Thus, the total area of the buf- 
fered NOR is 36 + 36 = 72 units. Input capacitance is proportional to the area of the p and n devices 
connected to each input. For the buffered inverter, it is 1 + 2 = 3 units. For the buffered 4-input NOR, 
it is 1 + 4 (2) = 9 units, that is, 3 times greater. For input inverters and an intermediate NAND, the 
total area of the input inverters = 4 x (1 + 2) = 12. For the NAND, each n-channel device is 3 x 4 = 
12 units wide, and each p -channel device is 3 х 2 = 6 units wide. Total area of the NAND is 4 (6 + 
12) = 72. Total area of the output inverter is 9 (1 + 2) = 27 units. Overall area of the equivalent NOR 
is 12 + 72 + 27 = 111 units. For the equivalent NOR, the input capacitance is 3 units, equal to that of 
an inverter and 1/3 that of the direct buffered NOR. It is interesting to note that an equivalent unbuf- 
fered NOR has an input capacitance of 9(3) = 324 units, 108x more than that of the inverter-input 
equivalent NOR!! 


SECTION 13.4: PSEUDO-NMOS LOGIC CIRCUITS 


13.26 


Use a 3.3V supply with (W/L), = (1.20.8), (W/L), = (3.00.8), k, = 2.5k, = 100рА/У2, апа IV, = 
0.6V. To meet the capacitor current-drive specification, ip, = 2ip, at Vo = 3.32 = 1.65V. 
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Now, ip, = k (W/L), [(3.3 — 0.6)1.65 — 1.6522] = 100(1.5)[1.65(2.7 — 1.652)] = 4644 , and 
ірр = 464 = 2 х 40(W/L), [(3.3 — 0.6)1.65 — 1.6572] = 40(W/L ) (3.09). Now, noting that the terms [ | 
are both the same ( = 3.09), see that (W/L), = 100(W/L),/Q х 40) = 1.25(W/L),,. 
Неге, k, = 100(1.2/0.8) = 1501A/V? and К, = 40(1.25)(1.20.8) = T5pA/V2, 
Thus r = k,/k, = 150/75 = 2. 
ү 3, Ирр — Vi 3.3 — 0.6 
он = 3.3 V. From Eq. 13.36, Vy = V, ке че Cota = 2.16V. 
From Eq. 13.38, Ун = V, + 2N3r (Ирр — V) = 0.6 + 2/6(2.7) = 2.80V. 
Vpp — V, 
From Eq. 13.35, V, = V, = = 0.6 + = 1.70V. 
q IL { E бии 
From Eq. 13.39, Vo, = (Vpp — V;)I[1 241: Vr] = (2.7)[1 - V1 – 12] = 0.79V. 
Note that Vo, is very high, exceeding the threshold of the NMOS transistor of a succeeding inverter, 
whose current would reach ip, = V2 x 150 х 1070.791 — 0.6)? = 2.75p1A. 


Thus, this circuit might be appropriate for high-speed operation but leads to a supply current somewhat 
in excess of the usual 5096 of the total PMOS current. Otherwise, 
NM, = Уп, — VoL = 170 - 0.80 = 0.9V, and NMy = Voy — Мн = 3.3 — 2.80 = 0.5V which 
are not large, but relatively balanced. 


To meet this specification, the PMOS in the pseudo-NMOS gate must be identical to that in a matched 
minimum-size CMOS inverter. In this case, the most that a minimum-size NMOS driver could do is 
lower Vg to Vpp/2! Correspondingly, Vo, would be = 32 = 1.5V. Vy =v, would be very high: 


Here, inp = &[(3 — 0.6)(3 — v) – (3 – v)?2], and ip, =k2[v — 0.6]2. For equality, 
(v — 0.6)? 22(2.4)3—0)- (3-9), or v2-1.204+036=14.4-480-9+6v-—v7, ог 
29; — 2.40 — 5.04 = 0, whence v = [ — — 2.4 + V2.4? — 4( — 5.04)(2)4 = (2.4 + 6.7974 = 2.30V 


(a) For minimum-size NMOS: For r=4, ky =ky/4. ог (ИЛ), -k(W/L)A, or 
(СИЛ), = ky(W/L)y/4 whence, (W/L), = (ИЛ), | 


Since the width is a minimum of 1 unit, L, must be raised to 2 units. 
Thus NMOS is 1 х 1 and PMOS is 1 x 2 and the total area is 1 x 1 + 2 x 1 = 3units?. 
For r = 10, Lp = 102 = 5 units, and the total area is 1 x 1 + 5 x 1 = 6units?. 

(b) For minimum-size PMOS (1 х lunits) 
For r = 4, W, =42 = 2 units, whence the total area is (1 x 2 + 1 x 1) = 3units?. 
For r = 10, W, = 102 = 5 units, whence the total area is (1 х 1 +5 1) = 6units?. 


For design style (b), the output current drive (as measured by the PMOS current) is larger than 
that in (a) by a factor r/2 although the areas are the same! 


(c) In (a) and (b), arrange that the devices are (1 x 1 RE (7/2 х 1) in size. Here, we try a design 
style where the devices are each (1 X Yr/2) and (772 х 1) in size. 


For r = 4, the PMOS would have W, = 1 unit and Lp = 1.414 units, with W, = 1.414 units 
and L, = 1 unit. 

The total area is 2(1.414 х 1) = 2.83 units ( = 2V2 = 2V42 = 21/2}, in general. 

For r = 10,, №, = 1 unit, L, =Ү102= 2.236 units; И, = 2.236 units, L, = 1 unit. 

The total area is 2(2.236 x 1) = 4.47units? ( = 2V5 = 210/2 = 24), in general. 

In general, the total area is Wr = Y2r , as contrasted with (1 + 772) for styles (a), (b). 
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The output drive, proportional to the PMOS W/L ratio, is Wr2 = V2/r in (c), while its is propor- 
tional to 14772) = Xr in style (a). | 


Thus style (c) produces a \r/2 improvement in current and a Y2r A1 + 7/2) reduction in area. 
In summary: 


13.29 For Vpp = 3.3V and V, = ОУ: 


---() 


From Eq. 13.41: ММ; = 0.6 — 2.7 | үгү 7 5 
Yr (4 


From Eq. 13.42: NMy = 2. (1 – N3r ). 


From equality, evaluate by a process of "trial and success”: 
ata, 1 
For r = 1: NM, = 0.6 ~ 2.7 | -Ү1-11- TOS | = 0.6 — 2.7(1 — 0 — 0.707) negative, unworkable. 


For r = 2: NM, -% -эл|- 1-12- in | = 0.910; 


NMy = 2.7(1 — 2/3 x 2) = 0.495. 
For r = 3: NM, -06-27|-11-13- = 0.884; 
7 | ETT | 
NMy = 2 — 2N3(3)) = 0.900. 
| 
For ғ = 2.9: NM, = 0.6 — 2.7 |1 - VT- 129 - = 0.8882; 
цаа i Ч2.9(3.9) | 
NMy = 2.7(1 — 2N3(2.) = 0.8692. 
| | 
For r = 295:ММ,-06-21|1-ҮГ-(1295- = 0.8860; 
ца i Y2:95(3.95) | 
NMy = 2:1 — 2N3(2.95)) = 0.8848. 
| 
For r 2.97: NM, =0.6 -2.7 | – V1 - 12.97 - = 0.8853; 
шах : 42.97(3.97) | 
NMy = 2.1(1 — 2/030.97)) = 0.8909. 
| 
For r = 2.955: NM, = 0.6 - 2.7 |1 - X1 — 12.955 - = 0.8859; 
НЫ : | V2,955(3.955) | 


NMy = 2.7(1 – 2N3(2.955)) = 0.8863. 

Conclude that the noise margins are equal at r = 2.954, where NM; = ММр = 0.886V. 
Now, for r = 2.954: Voy = 3.3V. 

From Eq. 13.39: Vo, = (Урр — VDU - 1—17] 22770 — М — 12.954) = 0.504V. 
From Eq. 13.38: Vin = V, + 2(Vpp — V,Ylàr = 0.6 + 2(2.7у3(2.954) = 2.414V. 
From Eq. 13.35: Уп, = V, + (Vpp — V,;r(r + 1) = 0.6 + 2.7N2.954(3.954) = 1.390V. 
From Eq. 13.36: Ум = V, + (Vpp — Vr + 1 = 0.6 + 2.743.954 = 1.958V. 
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SOLUTIONS: Chapter #13-13 


From Eq. 13.40: Ista = V2k,(Vpp — V,)? = V2(100(1.20.8)1.954)(2.7 = 185A and NMy = 
0.886V, NM, = 0.886V. 


From Eq. 13.39: Уор = (Ирр - VDU - V1 - Vr = aV, or1 - Vl - Vr =aVAVpp — Vj). 


Vpp — V, — aV Vpp — (1 + 009, 
Thus Ie Ио ИУ р ay) ЛЛ t 21 = [] 


Voo — Vi Vpp — V, 
E ее же БЕО 
и | (Ирр — Vi) 
V Үбь — 2Vpp V, + V? — Vip + 2VppV, (0 + о) – (1 + oV? — 2x Vpp V1 — (1 + 0)2] 
p ОО рр m c uu Ан ВОИ 0 
(Ирр — V, | (Ирр — V,)? 
(Vpp - Vo? 


Thus, i eral, к, 
hus, in general, r aV [2Vpp — (a + 2 Vi] 

| (3.3 — 0.6)? 20.25 20.25 

For Vpp = 3.3 and V, = 0.6: es Li Mi dii ——— —À, 
Цаг айгаа б: r= 00:60233) -(442:06|  edi-a-42)' ? 7. (09-00 


20.25 
Now; fora = 0s ran 2 456. 
кын = 0,509 — 0.5) 


Check: From Eq. 13.39: Уор =(Vpp — У)[1-Ү1— Yr] = 2.7{1 — 11 - y4.76] = 0.300 = V,/2, OK. 


(a Need Vy = У, + (Ирр — Vlr + 1 = Vpp2: Thus 0.62.7 4r +1= 1.65, ап 


AEn li 229 2861 
r1 165-06 .57, whence r = 5.61 


(b) Need VoL = (Vpp ~ VDU ~ Vi = Ir ] = У;: Thus 271 — Y1 — Vr ] = 0.6, and 
1-1: =1—-0.222 = 0.777, and И” = 1 — 0.777? = 0.395, whence г = 2.53. 

(c) Need VoL = (Vpp — V,){1 ~ Vi = 11 | = 01У: Thus, 2.7[1 - VI — Vr ] 2 0.1, and 
V1 = Vr = 1 —.0370 = 0.963, and Vr = 1 — 0.9632 = 0.0727, whence r = 13.75. 

(d) Need Vo, = 0.01V: Thus 2.7[1 — Vi- r = 0.01, and Vi =- r =1 -3.7 x 1073 = 0.9963, and 
Vr = 1 ~ 0.9963? = 7.39 x 107, whence r = 135.2. 

(e) Need Vn = V, + (Ирр — V, Wr(r +1)=2V,: Thus, 2 2.7Nr(r + 1) = 0.6, and Yr(r + 1) = 4.5, 
and r? + r = 20.25, whence r = ( — 1 + di-4 20252 — Ж9.06у2- 4.02. For case a), 
r= 5.61, and Voy, = (Vpp ~ VDU ~ Vi – Vr |-2711- T" — 14.61] = 0.252V. 

For case с), r= 13.75, and Vj, = V, + (Vpp — Vi Wr (г +1)=0.6+ 2.7/113.75(14.75) ш 
0.789У | 
For case d), r = 1352, Vi, = 0.6 + 2.7^135.2(136.2) = 0.62V 


1.7С 
From Eq. 13.43, t = : 
Ч РЇН k, Vpp 
From Eq. 13.44, t NEN LL: PNIS where r = k,/k 
qon PHL = EI 0467) Vpp ' vp 
1.7C 1.7C 
Thus, ¢ mo , and t = 
id kpVpp Pet (kyt)Vpp 
1.7C 1.7C 
Also, trite = Г 0461) Vpp' ол PEL T Ет 046) Vpp 
1.7C 1.7C 
| ducis к= ЕМЕ eG) 
Now, see tru ipti, = |T V || 07 С 096)Vpp (r ) 
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SOLUTIONS: Chapter #13—14 


For tpL = ірці = pr 0.46 = 1 and r = 1.46 
Correspondingly, 


Ур =V 
From Eq. 13.36, Vy = V, “үн 0.6 + 2.11 + 1.46 = 2.05V, 
From Eq. 13.39, Уо, = (Vpp - У)[1— М1 - Vr] 227(1 — Ү1 — 11.46 = 1.18V. 
From Eq. 13.41, 


1 
1-31-1146- 
Y1.46(2.46) 


NM, = V, - (Vpp = V;) |1 - Y1 1 hg = 0.6 – 2.7 


= — 0.089У. 
From Eq.13.42, NMy = (Vpp - V,)[1 ~ 3r ] =2.7[1 - 2N3(1.46)] = 0.120 V 
Note that with these (small, negative) noise margins, this circuit would not normally be used in a string 
of similar circuits, but rather as a special solution to a particular problem: 

1.6C _ 1.6C 
ka (W/L) Voo ka VoD 
nal load (as it is not otherwise the same as C for the pseudo-NMOS. 


For the balanced pseudo-NMOS, t, = T ra В 
n/r ) V Dp 


pseudo-NMOS has a delay of 1.46 of the CMOS, being therefore about 50% greater. 


, where we assume that С is dominated by exter- 


For a matched inverter, t, = 


Ignoring the 1.6/1.7 coefficient difference see that the 


For all NMOS devices, (W/L), = 1.20.8, kn = 100пА//?, Vm = 0.6У. For the PMOS, IV,I = 0.бУ, 
k, = 40дА//?, Generally, k, = k,/r, and (W/L), 40 = (W/L), 1007. 


Thus (W/L), = (1.20.8)(10040yr = 3.757. Now, for r=, (W/L), = 3.754 = 0.9375. Thus, for 
№, = 1.2um, L, = 1.20.9375 = 1.28um . 

Now, for r = 10, (W/L), = 3.7510 = 0.375. Thus, for №, = 1.2um, Lp = 1.27375 = 3.2um.. 
Concerning Capacitances: Follow the development on page 1053 of the Text: 


Assume С„=0. For each NMOS: Са = 0.5(1.2) = 0.6fF, Cy = 2.5(1.2) = 3.0f F, 
С, = 1.81.2 x 0.8 = 1.73fF. For the PMOS with r 24 or r = 10, assuming 1.2 um width, and 
increased length: Cpa = 0.5(1.2) = 0.6fF , Сав = 2.5(1.2) = 3.0f F. 


Thus for the 8-input NOR with one input active, and an inverter load, 
Cı = 2(0.6) + 7(0.6) + 8(3.0) + 0.6 + 3.0 + 1.73 + 0 = 10(0.6) + 9(3.)) + 1.73 = 34.73fF . 


For 2 inputs active, С» = 2(0.6) + 2(0.6) + 6(0.6) + 8(3.0) + 0.6 + 3.0 + 1.73 = 34.73 + 0.6 = 35.33f F. 


For а single input active: tpy, = 1.7CAk, (1 - 0.46 )Vpp |, and 

їн = 1ЛСЛК, Vpp] = 1.ЛСЛ(6,/7)Урр1 

For r = 4: тын = 1.7(34.37 х 107 (150 х 1076)3.3] = 0.477 х 10795 = 477 ps, and 
ірні, = 1.7(34.73 х 107!9у150(1 — 0.464)3.3] = 135 ps. 

For г = 10: {рүң = 104(477) = 1.19 ns, and гры, = 135(1 — 0.464)(1 ~ .46/10) = 125 ps. 


For 2 inputs active, К„ is effectively doubled as is r in the calculation for ЇРш,. For ірін, the 5, and г 
used are the same. Why? 


For ғ = 4; tpyg = 477 х 35.334.173 = 485 ps, and 

tpu = 1.7(35.33 x 107 {150 x 2(1 — 0.468)3.3] = 64.5 ps . 
For ғ = 10: {рүң = 1.19 х 35.3334.73 = 1.21 ns, and 

ри, = 1.7(35.33 x 1075y[150 х 2(1 — 0.4620)3.3] = 62 ps. 
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13.34 Assume all NMOS have unit length and width. For the matched complementary 8-input NOR, there are 


8 unit-size NMOS and 8 PMOS which are each 8 х 2.5 = 20 times larger, due to the fact that there are 
8 in series and that k, = ЯС 5. Thus the area of the CMOS  &input NOR is 
8(1 x 1 - 20x 1) = = 8(21) = L68units?. For the pseudo-NMOS with r = 2, all NMOS are unit-size and 
the PMOS is (КК = 2.У2 = 1.25 х wider. Thus the area of the pseudo-NMOS 8-input NOR is 
8(1x 1) + (1.25 x 1) = 925units?. The complementary CMOS is 1689.25 = 18.2 x larger! 
Correspondingly, the pseudo-NMOS gate is only 9.25/168 х 100 = 5.5% of the size of the CMOS 
gate! 


SECTION 13.5: PASS-TRANSISTOR LOGIC CIRCUITS 


13.35 


For this situation, Vo, = 0.0У, but Voy = 3.3 — V,, where V, is increased by the body effect. From 
Eq. 5.30, and the data in the introductory NOTE: 


V, = Vig + 9(NVsg +20f - Ү2Ф/ ) = 0.6 + 0.5(V Voy + 0.6 — V0.6), 
or V, = 0.6 + 0.5V3.3 — V, + 0.6 — 0.50.6 or V, 2.2127 + 0.53.9 — V,, ог 
V3.9 — V, = XV, – .2127) = (2V, — 0.4254). Squaring, 3.9 — V, 24V? — 1.702V, + 0.181, ог 
4V — 0.702V, — 3.72 = 0, 
whence V, = (— — 0.702 + 0.7022 — 4(4)( — 3.72)у2(4) = (0.702 + 7.747y8 = 1.06V 
Thus Vou = 3.3 – 1.06 = 2.24V. 
Assuming that the specification "driven" means that the two gates are joined drain to source (пог drain 
to gate), they behave as a single transistor with twice the length, but with the same V,. Thus for no dc 
load on the gate, Уон = 2.24V, as before. However, dynamically, they are different: For a matched 
inverter using the standard devices for which 1/1 =  0.6V, ХА, =2.5k, = 100LA/V ? and 
(W/L ), = (1.20.8), kn = А, = 100(1.20.8) = 150uA/V2. 
For a 2.24V input, the current in the connected inverter, ip = 1/2(150)(3.3 — 2.24 — 0.6)? = 15.87ДА 
For the NMOS with Vg =v, 15.47 = 150[(2.24 — 0.6v — 022], and 3.28v — v? = 0.2063, ог 
v? — 3.28v + .2063 = 0, whence v = (— — 3.28 + V3.28? — 4(.2063)у2 = (3.28 + 3.1522 = 0.064V. 
For the Capacitance at the inverter input including the input pass gate: and a grounded pass gate. 
Con =12х 0.8 х 1.8 х 105 = 1728 fF, С, = 2.5% 1.2 x 0.8 x 1.8 x 107! 4.32 fF, 
Cy = Cg, = 2.5 х 1075 x 1.2 = 3.0 fF. Now, assuming C, = 0. Thus, 
С = 1.728 + 4.32 + 3.0 + 3.0 +0 = 12.04 fF. 
For propagation times: Consider the gate of the pass transistor to be always at + 3.3V. 


At Vs 23.322 1.65V, У, 20.6 + ҮҮХ; + 20f — Ү2Ф/ ] = 0.6 + 0.51.65 + 0.6 — 0.50.6 = 
0.962V 


For їрин (0) = 3.3V): ip(L) = V2(150)(3.3 — 0.6)? = 547A, and 


(М) = V2(150)(3.3 — 1.65 — 0.962)? = 35.504, for which — ip(a) = (547 = 35.5)2 = 29114. 


13.36 


Correspondingly, {р.н = (12.04 x 1075 x 1.65)(291 х 1079) = 68.3 ps. 

For їрш, (©; = ОУ). Assuming the output starts from 3.3V! (Н) = 1/2(150)(3.3 — 0.6)? = 547ДА (as 
before), and ip(M) = 150[(3.3 — 0.6)1.65 — 1.6572] = 46384, for — which 
ір(а%) = (547 + 463y2 = SOSA. 

Thus гры, = 12.04 x 107 х (3.3 — 1.65505 х 10%) = 39.3 ps 

For an imperfect initial signal (2.24V rather than 3.5V). 


tpu = 12.04 х 1079(3.3 — 2.24505 х 107% = 4 25.3 ps. 


For (W/L), = 0.1, with W, = 1.2рт, Lp = 1.20.1 = 124m. Now, Од begins to conduct when Vo; 
I 3.3-06=2.7V. For Ug = Ч For the inverter, ip, = 12(150)(% ~ 0.6)? = 75(v — 0.6}, 
= 150[(3.3 — v)0.6 — 0.622] = 90(3.3 — v) - 27. 
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Now ip, = ip, — 75(0 — 0.6)? = 90(3.3 — v) — 27, 75%? — 90v + 0.36 = 297 — 90v — 27, 
75v* = 297 — 27 — 0.36 = 269.6, v? = 269.675 = 3.595, whence v = 1.896V. Thus Ок begins to con- 
duct with vg, = 1.896 V. 

As Од begins to conduct it assists in the LH transition pulling Vg; to Voy; = 3.3V, and reducing tery 
by speeding up the upper end of the transition. 

Now for їр, at Vo; with Ов: Initially, (Н ) = 1/2(150)(3.3 — 0.6)? = 547НА. Then 
ip (M) = 150[(3.3 — 0.6)(1.65 — 1.6522)] = 463}рА. 

Also, at Ug; = Vpp/2 = Ум, Ug, = Vpp/2 = 1.65V eventually and the minimum size Qg conducts 
ips (M) = 1/2(1502.5)(3.3 — 1.65 — 0.6)? = 33.1НА but before Vo2 responds (and is still at OV), 
ipp (x) = V2(1502.5)(3.3 — 0.6)? = 218.744. 

Thus there are two choices represented: First, there is the case in which turnoff is regenerative, and QR 
helps, correspondingly, the average capacitor current is 

((547 — 0) + (463 — 33))2 = 489рА. 

Now for C = 12 fF, from P13.35 above, tpy, = 12 x 1075 х (3.3 — 1.65489 х 107% = 40.5ps. 


In the second case, regeneration is assumed to be delayed and Qg conduction reduces the current avail- 
able to the capacitor, namely, ig (max) = 1502.5[(3.3 — 0.6)(1.65) — 1.6522] = 4632.5 = 185НА. 


If this is assumed to flow all the time (it is actually smaller for high ^о) then the average capacitor 
current is [(547 — 185) + (463 — 185)у = 3204A, for which гру = 12 x 1075 x 1.65320 х 10% = 
56.25 ps. | 


For this situation, the pass transistors, the grounding switch and the inverter NMOS are all minimum | 
size (1.2]un х 0.8jn), while the inverter PMOS is 2.5 X wider. 


Using the Чаа for Ше standard devices (in the introductory NOTE э above), 
C4, = Csb = 2.5 х 1.2 = 30fF, C, = 1.8 х 1.2 х 10.8 = 1.73fF, Cs = 0.5 х 1.2 = 0.6fF, while Cy 
is assumed to be zero. 


At the Inverter input: 


Thus C = 3(3.0) + (1 + 2.5)(1.73) + 3(0.6) + (1 + 2.5)(0.6) = 9.0 + 6.06 + 1.8 = 2.1 = 18.9 fF. Also 
VoL = 9.0V and Voy = 3.3V. For propagation calculations, the gate signals of the pass device are 
assumed to keep the devices on while the input (to the drain source connection) rises and falls. 


For tpu: At OV, ір. (1) = V2(150)(3.3 — 0.6)? = 547A, and 

ipp (L) = 1.2(1502.5)(3.3 — 0.6)? = 219НА. 

At 1.65V, V, = Ую + O(NVgg + 20f -Ү2Ф/ ) = 0.6 + 0.5(V1.65 + 0.6 — V0.6) = 0.96У. 

Thus ip, (M) = 1/2(150)(3.3 — 1.65 — 0.96)? = 35.714 . 

ipp (M)  1502.5[(3.3 — 0.6)1.65 — 1.6572]  185p4. 

Thus the current available to charge the output is ic (Av) = (547 + 219 + 35.7 + 185y2 = 493A. 


Correspondingly, {руд = 18.9 х 1075 х 1.65493 х 1076 = 62.3 ps. For tpp: Roles interchange: p- 
channel currents are 1/2.5 those available from the n-channel. 


ic (Av) = (5472.5 + 219(2.5) + 35.7/2.5 + 185(2.5))2 = (219 + 547 + 14.3 + 463)2 = 622A. 
Thus tpp, = 18.9 x 107 x 1.65633 х 107% = 50.1 ps. 
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13.38 


Х=(-А)В + A(-B) 


х4 | С2 | 


13.39 


< 
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13.39 (continued) 


Another implementation uses a pass network to create Y rather than using an inverter. Note that 
Ү=АВ+А В, ҮУ=АВ+А В=А В:-А В = (А +В) (А +В) =А В +А B (See that to obtain 
the inverse, one exchanges A and A, or B and B. 

For 3 variables, X =A B +A В and 


Ү=СХ+СХ=С(АВ+АВ)+С(АВ+АВ)=АВС+АВС+АВВ+АВ C: 


Х=(-А)В + A(-B) 


-< 


A 


М 
Ti 
E: - X = AB + (-A) (-B) 


E: 
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0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 


зээ-т-ээооФоФ---ОФоФоюшо 
m= оон KOCK KF OOH оо 
™~ OF OF ORF OH OH OH оно 
5 6 Gus es Әә 


See that F goes high when X is high, Y is low, Z is low, as C goes low. That is, F = C X Y Z. If 
X is available, but X is not, and Y is available, replace X (as shown) by Y, and Y (as shown) by X. If 
X is available, but X is not and Y is not, use an additional p -channel MOSFET at the left connected to 
the supply and X. For the basic symmetric inverter (W/L), = 20/5. Thus (W/L), = 10/5, (ИЛ) 2з = 
10/5 x 2 x 3 = 60/5, to account for hole mobility and the fact that there are 3 transistors in serics. In 
many applications in which the load is an inverting input, and the goal is circuit simplicity, all devices 


can be of minimum size. 


-С С -А А 
В 
0—1 ” 
> ГЇ 
Bog р 1 
2-1 
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SeeX=B C+BCandX =BC+BC 

SeeY=XA+XAandY=XA+XA 

whence, Y =A (BC+BC)+A(BC+BC)=ABC+ABC+ABC+ABC 
and Y=A (BC+BC)+A(BC+BC)=ABC+ABC -АВС-АВС 

See that for the XOR, the output is 1 for all cases of an odd number of inputs, that is (1 or 3). 
See that for the XNOR, the output is 1 for all cases of an even number of inputs, that is (0 or 2). 
Concerning dynamic operation, there are several principles to observe: 

(1) Most active input should be closest to the output. 

(2) Most active input should drive the least capacitance. 

(3) Most active input should activate the least capacitance charging activity. 

(4)  Source-drain paths are fastest (since there arc no thresholds to overcome). 

(5 Mutual conflict between principles will exist. 


For this situation, placement of input A follows rule (1), rule (2), and rule (3), but is in conflict with 
rule (4). Placement of inputs B and C follows rules (4) and (1), but is in conflict with rules (2), (3). 


SECTION 13.6: DYNAMIC LOGIC CIRCUITS 
13.42 For these devices, k, = 2.5k, = 150рА/У?, У, 0.6 V. In general, use the techniques suggested in 


13.43 


Excercises 13.10 and 13.11. Note in particular that the usual definition of tpzy (to 50%) is not particu- 
larly relevant, since it is important for a dynamic gate that the output be at Voy before evaluation takes 
place. 


For їрин: Use a 0% to 90% rise-time estimate. 

For vg low, ip, (L) = V2(1502.5)(3.3 — 0.6)? = 21.87pA . 

For vg high, ip, (H) = (1502.5)[(3.3 — 0.6)(0.1 x 3.3) — (0.1 x 3.372] = 50.2uA. 

Thus, ip, (Av) = (218.7 + 50.2y2 = 134pA , whence грін = 100 x 107'°(0.9 x 3.3)(134 x 1079) = 

2.22 ns. 

For tpu: Consider 4 NMOS in series and tpĮy measured from Vg = 3.3V to Vg = 1.65V: 

For Vg high, ip, (H) = V2(1504)(3.3 — 0.6)? = 136.704 . 

For vg middle, ip, (M) = (1504)[(3.3 — 0.6)1.65 — 1.6572] = 115.7pA. 

Thus, ip, (Av) = (136.7 + 115.7)2 = 126pA , whence tpp, = 100 x 1077 x 1.65(126 x 109) = 1.31 ns. 


For a 3-input NOR; ірін is about the same, namely tpjj = 2.2ns. However tpu, is reduced by a factor 
of 2, since only 2 transistors аге in series during evaluation. Thus іру, = 1.3/2 = 0.65 ns. 


For standard minimum-size devices, k,  1504A/V?, 1У,1 = 0.6V, (W/L) = (1.20.8), 
Cox = 1.8f F/un?, Сы = Cs, = 0.5f FAun, and Су, = Cy, = 2.5fFAun. 
For a 3-input NAND, the equivalent capacitance includes 5 drains, 3 sources, 3 gates and 2 overlaps: 
Сы = 5(2.5 х 1.2) + 32.5 x 1.2) + 3(1.2 х 0.8 x 1.8) + 2(0.5 х 1.2) 
= 5(3) + 3(3) + 3(1.73) + 2(0.6) = 15 + 9 + 5.2 + 1.2 = 30.4 fF. 
For 2 inverters, Cj, = 2[1.2 x 0.8 x 1.8 x (1 = 2.5)] = 7(1.73) = 12.1fF. Thus Co, = 30.4 + 12.1 = 


42.5 fF. 
Initially at £94, Qa is cut off, node 1 is precharged to 3.3V, and nodes 2, 3, 4, are pulled to OV through 


transistors driven by Ф, C, B. Now at ti}, C goes low, isolating node 3 (at OV). Now at t24, A goes 
high, joining nodes 2, 3 to the output node 1. 
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Capacitance of each of the nodes 2 and 3 is 
C = 2(2.5 х 1.2) = 1(1.2 x 0.8 x 1.8) = 2(3) = 1(1.73) = 6 + 1.73 = 7.73f F. 
Capacitance of both nodes 2.3 together = 2(7.73) = IS.5fF. 


Node 1  Node2 Node 3 


3.3(F) 
3.3(F) ФБ) 0(Е) 
1.83(F) 1.83(Е) 1.83(Е) 


Note: Here, (Е) indicates a floating voltage stored on the node capacitance. 


Notice that the capacitance of node 1, when isolated by A low, is 
Са + Саһ + 2(Cov) + 2(С„ + Cyn) = 2.5 X 1.2 + 2.5 x 1.2 + 2(0.5 x 1.2) + 2(3.5)(1.73) 


= 3.0 + 3.0 + 1.2 12.1 = 19.3f FF. 

Now at t}, nodes 1, 2, 3 are joined with a common voltage v. Charge is conserved. 
Thus О = CV, and 19.3(3.3) + (15.5)0 = (19.3 + 15.5) = 34.8%. 

Thus 1) = (19.334.8)3.3 = 1.83V. 


Note the dramatic loss in voltage! In practice addtional wiring capacitance C, at the output node would 
help. 


For CfF to discharge V, volts in tg ns, the leakage is i, = CV/tg = (50 + 10n)(0.6)/tg pA. 
For a single device for which V,, = 0.6V and К, = 1504A/V?, with an input voltage V 

(50 + 10п (0.6ytg = 1502(v — 0.6?, whence v = 0.6+(0.4 + 0.08ny(tg)^. 

For n = 5, and tg = 10ns, the voltage needed at one input is vj where 

0 = 0.6 + ([0.4 + (0.08)°V10)* = 0.6 + 0.283 = 0.883V 

For all 5 inputs acting together, vs = 0.6 + (15) (0.283) = 0.727V 


For these transistors, (W/L) = (1.20.8), ky = 2.5k, = 1500A/V?. 

From Qi, (Н) = 12(150)(3.3 — 0.6)? = 547 pA. 

Time taken for V, to fall from 3.3V to 0.6V is t£ = 50 x 107'(3.3 — 0.6547 х 1079) = 247 ps. 

Now, for the leakage in Q;! 

2203.3) = V2(150)(3.3 — 0.6)? = 547ДА, and ip;(0.6) = OPA, such that ip2(A V) = (547 + 0) = 2734A. 


Thus, the change of voltage on Сү; is Au; = 273 х 10° x 247 x 107750 x 1079) = 1.35V! Clearly, 
this circuit has a problem! It is this problem which motivated the invention of Domino CMOS. 


The inverter uses (W/L) = 1.20.8 for both devices. 

At node Х|, Cy; = 2Cy, 42С,, =2C, -2х25х12-42х05х1242х18х1.2х0.8 
= 2(3) + 2(0.6) + 2(1.73) = 6.0 + 1.2 + 3.46 = 10.66f F. 

Now for the simple inverter, V, = v is reached when 

i = V2(150)(» — 0.62) = V2(1502.5)3.3 - v — 0.6)’, or 2.7 - v = Y2.5(o - 0.6), or 

2.7 —v = 1.580 = 0.949 or 2.580 = 3.65, or v = 1.41V. 


Now for A rising to 3.3V, 0, ам Q,; are in series, and the current in Qj varies from 
ip, (H) = V2(1502)(3.3 — 0.6)? = 273A to ip, (M) = 1502[(3.3 — 0.6)1.41 – 1.4172] =211pA, as X, 
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— ip (M) = (1502.5)[(3.3 — 0.6)1.65 — 1.6522] = 


falls, where the average is ip, (Av) = (273 + 211)2 = 


Thus the time taken for X, to fall to Vy = 1.41V is 
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24204. 


t = 10.66 x 107 x (3.3 — 1.41242 x 1076) = 832ps. 

For the inverter loaded by О,, the output capacitance is 

Cy, = 2Cy + 202С,,) + C, = 203) + 4(0.6) + 1(1.73) = 6 + 2.4 + 1.73 = 10.13 fF. 

For the p device in the simple inverter, at X, = OV, ip, (L) = V2(1502.5)(3.3 — 0.6)? = 2194A, and 


tp = 10.13 x 1075(1.65У150 х 1056 = 111ps. 
Thus рун from X, to Y, is approximately (83.2 + 1 
For 10 such gates in cascade, must be high for at 


ВОНА, with ip, (Av) = (219 + 80y2 = 150pA, for which 


11) = 194 ps. 
least 10(194) = 1.94 ns 


SECTION 13.7: LATCHES AND FLIP FLOPS 

13.47 For this technology, IV,| = 0.0V, k, =k, = 150НА// 2 V4 = 20У, and Vpp = 33V. 
From Eq. 5.94, Viz = l/8(3Vpp + 2V,) = (3(3.3) + 2(0.6)y8 = 1.3875У. 

From Eq. 5.93, Viy = l/8(tVpp — 2V,) = (5(3.3) — 2(0.6))8 = 1.9125V. 


13.48 


and Vy = Vpp/2 = 3.32 = 1.65V. 


Now at Vy, ip, = 1502(1.65 — 0.6)? = 82.714 , for 
r, = Vap = 2082.70A = 242kQ. 


Thus, for each inverter, the voltage 


which gm = 150 x 1071.65 — 0.6) = 157pA/V, and 


gain at у= Ум is 


— (gn + guY(ro to) = — ва = — 157 x 10° x 242 x 10° = — 38.0 V/V. 


Thus the maximum loop gain is 38.0? = 1444 V/V. 


vO 


24,4.7) 


/ 


о - NGO һ Q 


vi 
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For the input coordinates corresponding to the 
2.9V and 2.4V output levels (ie nodes A, B): 


47-29 
4.7 — 0.4 


1.8 
2.4 + —— (0.5) = 2.609V. 
4.3 vend : 


4.7 — 2.4 
4.7 — 0.4 


2.4 4 zm (0.5) = 2.667V. 


Da = 2.4 + х (2.9 – 2.4) = 


Ug = 2.4 + х (2.9 — 2.4) = 


There are 3 points for which input and output are at 
equal levels: Two of these are at (0V, 0V) and 
(5V, 5V) where the loop gain is 0, and the other (in 
the middle, more or less) is where, Vg 


18932657 = 2.64У = v,, that is at (2.64, 


2.64). For each inverter, the gain there exceeds 


LS = | —8.6V/V. Thus the overall 
loop gain exceeds 8.6? or 74 V/V at the (middle) 


unstable point, and is O V/V at the other two points 
of equality, which are stable. 


o 
Lond 
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13.49 For transistors for which IV,| = 0.6V and (W/L), = (W/L )p, and kn = 2.5k, = 1504A/V?, Vy = V 


13.50 


13.51 


is found from 1/2(150)(v — 0.6)? = V2(1502.5)(3.3 — v — 0.6}, or V2.5(v — 0.6) = 2.7 — v, or 
1.580 — .949 = 2.7 — v, 2.580 = 3.649, or v= 1.414V. Thus Vy = Vy = 1.41V 


Now to lower О with R high to og = Vy requires that the current їл Од and Q; equal that in Q4. 
Now i = ip4 = (1502.5)[(3.3 — 0.6)1.65 — 1.6572] = 185рА. 

Now for О Эра» and 185 = 150[(3.3 – 0.6)о – 072, or 123-270-09072, or 
V ~ 5.40 + 2.46 = 0, whence uz[- ~ 5.4 + (5.4? - 4(2.46))^y2 = (5.4 + 4.395y2 = 0.302V. 

Now the voltage needed on Ф to lower ug to Vy is Vg =v where 185 = 1502(v — 0.6 – 0.302), or 
v — 0.902 = (2.46)^ = 1.571. Thus v = 1.571 + 0.902 = 2.47V, relatively high, but workable in a 3.3V 
system. 


mI 


Note that IV,| < 3/2V is necessary in order to ensure that at least one transistor conducts for all input 
voltages in the range 0 to 3V. 


The flip flop inverters use minimum-size devices, but the load inverters are matched. For the flip flop 
inverters: | 


C = 3C4 + ЗС, + 2C, + 2(1  2.5)C, = 3(2.5 x 1.2)  3(0.5 x 1.2) + 9(1.2 х 0.8 х 1.8) 

= 3(3) + 3(0.6) = 9(1.73) = 9 = 1.8 + 15.6 = 26.4 fF 

Note from the solution of P13.49 above, that for the internal inverters, Vy = 1.41V. We will use this 
rather than Vpp/2 for the f, calculations. 


Now with Ф high (at 3.3V) the current in Ол, Оз is that created by a double-length device: 
ips(H) = V2(1502)(3.3 — 0.6)? = 273ҢА. 


As О falls, the competing current in 0, is initially zero, increasing (о 
1р4(М) = V2(1502.5)(3.3 — 0.6)? = 219pA as О falls. Thus the average discharging current is 


[273 — 0) + (273 — 219)]2 = 164НА and [рд at Q is 26.4 x 10755(3.3 — 1.41y164 х 1079 = 304ps 


For the second internal inverter, one can estimate its propagation time roughly on the basis of the max- 
imum available p-channel current, just calculated as 219рА. 
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Thus 2, to Q is 26.4 x 1075(1.41)219 x 107% = 170ps. 


Thus the propagation delay from Ф rising with R high is approximately 304 ps to Q falling and 
304 + 170 = 474 ps to Q rising. 


For the internal inverters, Ум = Vpp/2. Correspondingly, k, =k, = 150ДА/У,, апа W, = 2.5W,.. 


For gating, the maximum current from Q4 is ip4 = V2(150)(3.3 — 0.6)? = 547A. Now for Qe, whose 
source may be as high as V, = 0.6Vm conducting this with og = 1.65V: 


547 = 100 x (Wq0.8)[(3.3 — 0.6 — 0.6)(1.65 — 0.6) — (1.65 — 0.6)22], 

Үү, = (547100)0.8/1.65, whence Wg = 2.65um. 

Now, for the bit-line driver, whose width 15 Wp, as a worst case operating at Ups < 0.6V with 
547 = 100(Wp/0.8)[(3.3 — 0.6)0.6 — 0.672], 

whence Wp = (547100)(0.8/1.44 = 3.041 m. 


Check the current from a transistor representing the series connection of О, Ор, whose width is 3 шп 
and length is 2(0.8) = 1.6um: ip = 1/2(100(3.01.6)(3.3 — 0.6)? = 683pA, 


which exceeds 547 due to effectively enlarging О; from 2.65 to 3.04um (OK) 


For the internal inverters, using devices of minimum size, k, = 2.5k, = 150НА// 2 and 1У,1 = 0.6: 

Thus V, =v, where i = 1/2(150)(v – 0.6)? = 12(1502.5)(3.3 — v — 0.6)?, Ч2.5(0 — 0.6) = 2.7 — v, 
1.580 — 0.949 = 2.7 — v, 2.580 = 3.649, whence У =v = 1.414V. 

For D high: The threshold of the input pass NMOS at the switching point (1.414V) will be 

V, = Vio + YN Vsg + 2f - Vof =0.6 + 0.5(V1.414 + 0.6 – V0.6 = 0.922V. 

Now, ip; (M ) = 1/2(150)(3.3 — 1.414 — 0.922)" = 69.7рА, and ip;(L) = 1/2(50)(3.3 — 0.6)? = 547A , for 
which ip (Ay) = (69.7 + 54792 = ЗО8ДА, and грн = tpi = 50 х 1075(1.414У308 х 1079 = 230ps. 

For О falling, іру = 1/2(150)(3.3 — 0.6)? = 547A , and 

tpuL2 = 50 х 107!(3.3 — 1.414y547 x 1079 = 172ps. 

For Q rising to regeneration, ipp = 1/22(1502.5)(3.3 — 0.6)? = 547.2.5 = 219A , and 

Їринз = 50 x 107 х 1.414219 x 10% = 323ps. 

Thus for rising with D held high until Q rises, tp, = 230 + 172 + 323 = 725 ps. 

For D low: ip; = V2(150)(3.3 — 0.6)? = 547pA, and гри = 50(3.3 — 1.414547 х 1079 = 172ns. 

Using the earlier inverter calculations, tpp = 172 + 323 + 172 = 667 ps. 


To ensure correct data flow, ® must be high for the longer of tp, or tpy, namely 725 ps. 


For 5% overlap and equal phases, the maximum clock frequency will be —ÓÀ = 657 
| 2(1.05)725 x 10 
MHz. 


Since Ф ensures the latched state, it is normally relatively long, but can be as short as one wants or 
needs. There is generally no restriction. Overlap at the falling edge of does not matter in general 
provided D is stable. Moreover if D changes while Ф is high, there is trouble in any case, since this is 
a different mode of operation than we consider here. Overlap at the falling edge of Ф is a bit more of a 
problem, since during overlap a short-circuit develops from Q to D which will load the source and will 
induce reduced logic levels at Q. It is not generally obvious (without detailed calculations) whether the 
new state will be established at the rise of Ф or at the fall of Ф. It depends · · · ! 


Aside: Notice that this circuit can be interestingly improved by replacing the feedback NMOS by a 
PMOS and driving its gate with the same signal as that of the input gate. There are several advantages: 


(1) Only a single clock signal is used. 
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(2 Non-overlapping is not an issue. 
(3) The weak upper level at the first inverter input is restored by the PMOS feedback circuit. 


Note, however, that the input inverter low level is brought down to zero, but not held there by the 
PMOS. In practice, it is likely to stay low. Discuss these points and do some appropriate analysis. 


Compared with the situation in P13.53 above, there are several differences: 

(1) The upper voltage level at the input to the first inverter will be a regular 3.3V value. 

(2 The leakage current in the first inverter will be reduced essentially to zero. 

(3) The delay in the input switch will be reduced due to the current-drive contribution of the PMOS. 
(4) Фапі Ф will be used in both the input and feedback switches. 


(5) Clock overlap will be more complex, but OK at the falling edge of ®. The situation is trickier at 
the falling edge of Ф, 


From P13.53, we know that the minimum-size inverter, for which (W/L), = (W/L )p, has Vy = 1.414V. 
For D high, the PMOS current for output low is ip, (L) = 1/2(1502.5)(3.3 – 0.6)? = 2191A. 

For output at the middle (1.414V), the current is essentially the same, 

ipp (M ) = (15072.5)[(3.3 — 0.6)(3.3 = 1.414) - (3.3 - 1.414)72] = 199A. 

For output low, the NMOS current is ipy(L) = 1/2(150)(3.3 — 0.6)? = 547A 

For output at the middle (where У,, = 1.0V), ір, (М) = 1/2(150)(3.3 — 1.414 — 1.0)? = 59рА. 


Thus the average current ір, (Ау) = (219 + 199 + 547 + 59y2 = 512uA and 
teu, = 50 х 1079 x 1.414522 x 10% = 135ps. 


For D low, ip (Н) = V2(150)(3.3 — 0.6)? = 547A , 

ipp (H) = V2(1502.5)(3.3 — 0.6) = 5472.5 = 219НА, 

ip, (М) = 150[(3.3 — 0.6)1.414 — 1.41472] = 423pA. 
Now assuming V,, ~ 1.1V with back bias at v = 1.414V, 
ip; (M) = V2(1502.5)(1.414 — 1.1? = 3pA. 

Thus i (Av) = (547 + 219 + 423 = 3y2 = 596рА, 

and ёру = 50 x 107!5(3.3 — 1.414y596 x 1077 = 158ps. 
For the inverters: 


For ірін, ip; (L) = V2(1502.5)(3.3 — 0.6)? = 219A. Assuming this current is nearly constant, tpLH2 = 
50(1.414)/219 = 323 ps. 


For їрнї» ip, (H) = V2(150)(3.3 — 0.6)? = 547pA and 
ірні2 = 50 x (3.3 — 1.414547 = 172рз. 

For loop delay 

For D high: 1, = 135 = 172 + 313 = 630 ps 

For D low: t, = 158 + 323 + 172 = 653 ps 


[Note that doubling the size of the PMOS in the inverters would reduce these delays by 100 ps or so 
(Check this yourself, but be careful to correct, everywhere(!), for the new value of Vy which this pro- 
duces.)] 

It is apparent that the minimum phase duration should be about 650 ps as it affects the input gate. If Ф 
and Ф are used and implimented (with an inverter) the clock period would be 1.3 ns. 

For this situation, the maximum clock frequency would be 1/1.3 = 769 MHz. If 2 inverters are used to 
produce Фу, Фу, Ф, Ф», the length of Ф can be much much reduced (if that is useful). However, in 
most systems the holding time of the flip flop would be as long or longer than the gating time. 
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See that the added PMOS increase the speed slightly, the reliability a lot, and the power efficiency a lot, 
the latter by reducing the static leakage current to near zero. 


The circuit of Fig. 13.45 in the Text needs 16 transistors for full complementary operation. For all dev- 
ices of minimum size with W = 1.2um a total of 16W = 19.2um is needed. If devices are matched for 
k, =k, (while k, = 2.58, ), the total width needed is 1.2(8 + 8(2.5)) = 33.6um. Matching increases the 
cost by 33.6 — 19.2/19.2 х 100 = 75%. 


Suggestions: 
(1) Matching of the D-input gate is important for speed and noise reduction. 
(2) Matching of G, centers Ууу and balances the noise margins. 


(3) Making the ®, gate NMOS alone and the Q, gate PMOS alone reduces the leakage current prob- 
lem while maintaining low cost. 


(4) There is little need to match the feedback switch. 


(5) Matching the slave input switch is of some important for speed and to reduce leakage, although 
approach (3) would suffice at much lower cost. | 


(6) Matching the inverters would reduce the latching time. 
(7) Matching G4 and making it large would improve output symmetry and drive capability. 


(8) Making the input switch large and matched and the feedback switch. very small (and one device) 
would be useful. 
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Note from the figure that the non-overlap periods (between ®, and Ф,) are: 


3t, 3t for both Фу and Ф» paired-inverter delays installed, 3t, 1t for no Фу delay, 1t, 3t for no ®, delay, 
and 1t, 1t for no delays installed 


To increase the gap between € falling and Ф, rising, increase the number of inverters in the Ф, 
inverter string (the one on top). The gap is originally 3 units. To increase it to 5 units, add 2 inverters; 
To 7 units, add 4 inverters. Generally speaking, the reason for at least 2 added inverters, is that gate- 
to-gate variability makes the actual length of the nominal 1t non-overlaps relatively uncertain. | 
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13.57 


* VDD 


* VDD 


x25 


өн 


x 


All transistors are minimum-size except those marked specifically (by xk). 
Total device width required is 2 + 2[4 + 2 + 25 + 10] = 84 units or 84(1.2рт) = 100.8um 


SECTION 13.8: MULTIVIBRATOR CIRCUITS 
13.58 From the Equation just preceding Exercise 13.15, 


R Vpp 


PCR dn emu |, 
( n)in R + Ron Урр – Vn 


R 5 
h х 10°? = 20 x 107? —— X | 
whence 200 (R + 20030 R«200 5-5 | and for R in КО, 
2К 

= 2МЦ(-»»ь-ь--- 
10 = (R + 0.2)In R +02 

. Now, for R assumed to be very large (R >> 0.2KQ), К = 104n2 = 100.693 = 14.43kQ 

2R Е 2014.43) 


Noting that In 


R402) n оо = 0.6794, we see that (К + 0.2) should be changed to 


14.63 x 0.67940.6931 = 14.34kQ and R to 14.14 КО. | 
[Note that, now, 1n[2(14.14/14.34)] = 6.791, unchanged essentially.] Thus, use R = 14.14 КО, 
To ensure correct operation, the triggering input pulse must be long enough to allow the positive feed- 


back path through G; and С» to close before the input goes away. Thus v; must be positive for at least 
2(15) = 30 ns. 


If the input pulse is longer than the output pulse, it inhibits the regenerative action which normally 
occurs at the pulse end, by keeping Vg; low when vj? reaches Vi, of G2. At this point, the current in 
R is 2.514.1 x 10° = 177.3рА and the rate of rise of v; is 177.3 x 107920 x 10!? = 8.86 x 108/5. 


If Gz has a | gain | of 20 V/V and an output swing of 5 V, its input transition region is 5/20 = 0.25V 
wide. This region is crossed by vj, in 0.25(8.86 х 10°) = 2.82 x 10:58 or 28.2ns. Thus the fall time 
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of ug? would be 28.2 ns, that is, somewhat long. Thus, to sustain an idcal 200 ns output, the input 
pulse should be no longer than 215 ns. Transition times for SSI CMOS gates are likely to be about 
equal to the propagation delay, and about 15 ns here. 


А VDD 


ыг ‚ ог T = 1500 x 1072 (22 + 0.18) х 10? In 
R + Ron Vpp—-Vu ( 


Here, Т = С (К + Ran) In. 


22 5 
22 + 0.18 5 — 0.6 (5) 


жина | = 30.215. Now, 


= 1.5 x 107 (22.18) 1 
| em | 2218 ^ 04 


R 22 
AED e сые 4.96V, AV,  Vpp + Уру — Vm = 5 + 0.7 — 0.6 (5) = 27V. 


During the interval T, vj? changes by Va — (Vpp — АУ) = 0.6 (5) — (5 — 4.96) = 2.96V. The current 


changes by e and vg, changes by 0.18 х = 0.024V. The peak sink current for С), occur- 


ing as Ug, falls at the beginning of the timing interval, is i; = Яг 2254 = 0.225mA. The peak 


source current occurs at the end of the timing interval, where D, conducts, and vg, (at the interior end 
of Ron) changes from 0 to +5V, while the gate of Сз changes from V,, = 3V to Vpp + Vp, = 5.7V, for 


5- (5.7 – 3) = 12.8mA. 


which, i2 = 0.18kQ 


In the mirror, for Qi, О), K = V2k = 1/2 x 10 x 2 = 10H A/V’, and 
+5V for Q4, K = 1/2 х 20 x 2x 1/10 = 1pA/V?. For node voltage v, 10 
(5- v- 1} = 1 (0 ~ 1}, v — 1 = V 10 (4 - v), v — 1 = -3.16 v + 
12.65, 7.16 9 = 13.65, v = 1.906V, and Z = 1 (1.906 - 1? = 
Q1 Q2 0.8221А. For G, loaded Бу /, at the beginning of the timing inter- 
val, the output voltage is v, where: J = 0.822 = 1/2 x 20 x 2 [2 (5 - 

( у! 1) 0 — »?] = 20 [8 v – v?], and v? — 8 v + .0411 = 0, and 

—-8+\У82— 
i V = RE whence Vg; = 5mV. For the Inverter 
Q3 Threshold: at Vj, =, Vo = vy = V, with K, = KK, = 1/2, 1 = К, 
5-vo-1?»s2K, (0-1), 4 -v = 12 (о - 1), 
4 = v = 1.4140 — 1414, or 2.4140 = 5.414, whence Vp = V = 
22AV. 


Now, the time for vj, to rise to V, from vg, is 


8.22 x 10? 
0.24 


(2.24 — 0.009) X C. = 10 x 10% s, and C = 
0.822 x 107 


= 3.67pF. 


The maximum current supplied by Ос is ірс = 1/2(1002.5)(1.20.8)[|3.3 — 0.6]? = 218.7pA . 

The maximum current in Qs is 51,6 = 110 of this. Correspondingly, ips(L) = 21.8744 . 

At 0/2 = Vpp/2 = 1.65V, ips(M) - (1002.5)(1.2/8.0)[(3.3 — 0.6)1.65 — 1.6522] = 18.5ДА. 

Note that Vpp/2 is the threshold of the Оз, Q4 inverter since the devices are matched. Тһе low output 
of Сү, namely Ups; = v is such that 

218.7 x 10% = 100 x 10075(120.8)[(3.3 — 0.6)v — v72]0.2916 = 5.4v — v? or 

v? — 5.40 + 0.2916 = 0, and v = [— — 5.4 + (5.2? — 4(1)0.2916)^y2 = (5.4 + 5.291)2 = 54.5mV , or 60 


. mV is ips if included). 


Now for the circuit at rest, with input low, Ype = 3.3V, Ups = 3.3V, 002 = OV. For v, rising to 3.3V, 
tps falls to 60 mV (or so), and Эр, falls to the same value. 
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Now the average current flow into C is (21.9 + 18.5y2 = 20.20A , and the time for up, to reach 

Vin = Урь2 = 1.65 is T = 10 x 107!2(1.65 — 0.060у20.2 х 1075 = 0.795us = 795ns. 

Thus the negative output pulse is about T = 795 ns long. 

For capacitances: At the internal node: 

С; = 2(Caps ) + 2Сар + 2С,,, + Woy, + Cga + Cys = 2(12 х 2.5) + 2(1.2 x 2.5) + 2(12 х 0.5) 

+ 2(1.2 X 0.5) + (1 + 2.5)(10 x 1.2 x 0.8 x 1.8) = 60 + 6 + 12+ 1.2 + 60.5, or C; = 140fF. 

At the output: 

C, = Cap, + Сар + Covn + Сыр + Con = 12 X 2.5 + 2.5(12) х 2.5 + 12 х 0.5 + 2.5(12) х 0.5 

+ 12 x 0.8 x 1.8 =30 +75 +6 + 15 + 17.3 or C, = 143fF. 

For transition and propagation time: At the output of С |: 

ip6(H) = V2(150 х 10)(3.3 — 0.6)? = 5.467mA ; гр = 140 х 1075 х 3.35.467 х 107? = 84.5 ps; 

ірніл is half this, namely 42.2 ps. [For more on ѓун and фрүц, see the later discussion on timing- 
capacitor recovery.] 
At the output of Gz: ip3(M) = 150 x 10[(3.3 — 0.6)(1.65 — 1.6522)] = 4.63mA. 

Thus /рні2 = їрїнэ = 143 х 107 х 1.654.63 х 10? = 51.0 ps, and їг may be about 3x larger, at 150 
ps. (Aside: Why is the factor 3 reasonable? (Ни: Consider the current as constant until Vpp, then 
reducing to zero as the transition is completed.]} 
The minimum-length trigger pulse is /min = tPHLI + tPLH2 = 42.2 + 51.0 = 92 ps. 
The maximum length of the trigger pulse that allows regeneration is fmax = T + {ри = 795 ns. 
Between pulse inputs, the power-supply current is 0 НА. Immediately after triggering, the current is 
(218.7 + 21.87)ра = 2A41pA. 

During the period between inputs, the voltage across the timing capacitor C is OV. 

For the Recovery Time: At the pulse end, ups rises from near OV to 3.3V, and Эр, rises from 3.3/2 to 


nearly 3.32 + 3.3 = 1.5(3.3) = 4.95V. Meanwhile, Qs, operating with drain and source interchanged, 
conducts a drain current of ips, nearly ips = (1502.5у10[(4.95 — 0.6)(4.95 — 3.3) — m 95 — 3. ши, or 


ips = 17.94A. 
This current causes a small drop in Эрс below 3.3V by an amount 
= 17.9 x 10-91500.5(3.3 — 0.6)) = 0.1У, or so. 
During recovery, the average recovery current is about 17.92 or 9рА. Recovery takes about 
10 x 107? x 1.659 х 1076, or about 1.83ps, quite long! 


Very fast recovery can be arranged using a circuit addition which clamps Ups to + 3.3V when both vg; 
and v, are low. Such a circuit, which can produce any desired recovery time, is shown. 


To vD5 
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13.62 From P13.77 in the Text, T = СК In 


13.63 


SOLUTIONS: Chapter #13—30 


2Vpp - Vu Vpp + Ул 
Vpp — Ул Vin 
2(5) — 0.44(5) 5 + 0.44(5) 


, for an added gate resistor of 


value 10 R or more. Thus, 10% = 100 x 107? R In | x = 104 
5 — 0.44(5) 0445) 710 
10-22. 5+22 | д 78 7.21. , ' ) 
5—22 22 |= 10° In | r x 22 |= 22КО, with the gate resistor used being 220kQ, 
(or more). 


In the circuit, Qs tends to keep Q;, О» in the active region (near V,,): For example, if v; > Vin, Vo is 
lower, and Оч will conduct to tend to equalize them. As well, if o; < Үд, Vo is higher. In no case can 
both v; and Vg be low enough to turn off Qs. Now if О}, О» is active, so also is Оз, Q4. Two invert- 
ers in a loop makes a bistable. A bistable with a time-dependent loop is an astable. 

Now, when 997; goes high, v; goes high, and vg; goes low to establish onc astable state. While vg2 is 
high, 0, operates (as a follower) to charge C and pull vj; low. When vj; reaches Ул, Voo; rises to Vis 
of Оз, Q4 and v9; falls, regenerating with О, Оз. With vg; high, Qs conducts current to C causing 
y, to rise, eventually to reach Vi, for a new cycle to begin. | 

The voltage change on vg; and Vo is 0 to 3.3V and оп дүү, from Үд, = 1.65V to Vm + Vpp = 4.95V to 
Vin — Voo = — 1.65V. 

For Vo, high, Vsgs = 3.3V, Vj; varies from — 1.65V to 1.65V, and Vsp varies from 4.95V to 1.65V 
for which ips = (1502.5)100(3.3 — 0.6)? = 4.37p4A , reducing to 

(1502.5Y100[(3.3 — 0.6)1.65 — 1.657] = 1.85рА, for an average value of (4.37 + 1.85)2 = 3.1pA. 

For Vo, low, drain and source roles interchange, and v, varies from 4.95 to 1.65, Usg; varies from 
4.95V to 1.65V, and "sp, varies from 4.95V to 1.65V, for which ips varies from 
ips  (1502.5100(4.95 — 0.6)? = 11.3544 to (1502.5)100(1.65 — 0.6)? = 0.66uA for an average value 
of (0.66 + 11.35)2 = 6.0pA. 


Thus the waveform is asymmetric, with Vg2 low for about twice as long as it is high; that is 

thigh = 10 х 107 (4.95 — 1.65)6.0 х 1076 = 5.5us 

fj, = 10 х 107!2(4.95 — 1.65у3.1 х 10° = 10,645 

To achieve a 5096 duty cycle, (that is, equal high and low times), there are several approaches: 

(1) То maintain symmetry, add an NMOS (6 with gate connected to 3.3V, and drain and source con- 


nected to Vg, and v, (just like Qs). Unfortunately its length should be 250x regular to achieve 
symmetry in this case as specified. 

(2 Another approach is to vary Vy, of С, by one of several means: For example, by increasing the 
size of Q, to lower V. One might also add a fixed bias current to node vg, to change both V; 
and the vg, output levels. | 


(3) Yet another approach is to use 2 capacitors with switches to allow the two parts of the cycle to be 
adjusted separately. One approach is shown. Unfortunately, there is some interaction between the 
two parts of the circuit (Explore this!). О, and Q, can be minimum size, but matched. 


vi1 
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13.64 For each matched inverter, Үр, = Vpp/2 = 1.65V and ip = 1/2(100)(1.20.8)(3.3 — 0.6)? = 547A. 
Also Ceg = Cap, + Су + Covn + Сор + Con + Cy. Now, since W, = 2.5W,, 
Сш = (1 + 2.5)(1.2 х 2.5) + (1 x 2.5)(1.2 x 0.5) + (1 + 2.5)(1.2 x 0.8 x 1.8) 
= 3.5 x [3.0 + 0.6 + 1.73] = 3.5(5.33) = 18.7 fF, whence tp = 18.7 x 107"(1.65)547 х 10% = 56.4 


ps. 
The oscillation frequency is f = V/10t, = K10(56.4) х 10:12) = 1.77 GHz. For changes: 
(a) For an extra inverter load on each stage C,, increases by 3.5(1.73) = 6.06fF, or 


6.06/18.7 х 100 = 32.4%. Thus the new frequency will lower from /f,-z1.77GHz to 
Ја = 1771.324) = 1.34 GHz. 


(b) If, separately, the supply is reduced to 2.0V, ip becomes ip = 1/2(150)(2 — 0.6)? = 105НА, a 
reduction to 102547 = 0.192 of the previous. Thus f3 = 1.77(0.192) = 340 MHz. 


SECTION 13.9: SEMICONDUCTOR MEMORIES: TYPES AND ARCHITECTURES 
13.65 


Address Bits | Structure 


13.66 Each decoder handles 1M/4 = 256K bits in an array of size Y 256K , or 512 by 512. Now 512 = 2°. 
Thus each decoder uses 9 bits, such that the required address is 2 + 9 + 9 = 20 bits where 22 = (1К)? = 
1M. For the address being two array-bits, nine row-bits, and nine column-bits, the address 102476 is in 
the zeroth quadrant. Working from the top (bit 19), the bits are found, by successive trial subtractions, 
as follows: Thus 102476 — 2!6 = 102476 — 65536 = 36940, 36940 — 2!° = 36940 — 32768 = 4172, 
4172 — 2? = 4172 — 4096 = 76, 76 - 26 = 76 – 64 = 12, 12-222 12-82 4, 4 - 2? = 0. 


Thus the total address is: 0001 1001000001001 1 O 0, where 4 + 8 + 64 + 
4096 + 32768 + 65536 = 102476, OK. Thus, the corresponding column address (the rightmost 9 bits) 
is: 0010011 0 0276]. 


SECTION 13.10: RANDOM-ACCESS MEMORY (RAM) CELLS 


13.67 Total area of all the devices in the cell is 


(1.2 x 0.8)[2(1) + 2(2.5) + 2(3)] = (0.96)[2 + 5 + 6] = 13(0.96) = 12.48 m^. Expected area of the 
wired cell = 2(12.48) = 24.96um?. The side length of a square cell = “24.96 = 5.0jum. 


For the connection to the OV side of the cell: The available current is: 

ip = 3(150)[(3.3 — 0.6)(1.65 — 1.6572) = 1.389 mA directed to pulling down the bit line. 
For the connection to the 3.3V side of the cell: 

V, = V,o + Y(NVsp + 20f — Ү2Ф/ = 0.6 + 0.5((1.65 + 0.6)^ — (0.6)^) = 0.96V. 

and ip = 3(150)(1.65 — 0.96 — 0.6) = 3.6 дА, directed to pulling up the bit line. 
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13.68 


13.69 


SOLUTIONS: Chapter 413-32 


Bit-line capacitance for the 5um x 5um cell is C = C, X Area хп = 1.8 х 1075 хІх 5 х 128 = 
1.152 рЕ. 


Clearly, the majority of the action will be to pull down one of the bit-lines, the other going up only 
infinitesimally. However, including its cffect, the differential current is 1.389 + 0.004 = 1.393mA. 


For a 0.2V change, t = 1.152 x 107? x 0.2/.393 x 10? = 165 ps. 


For the standard minimum-size matched inverter, the current required to hold its output at Vpp/2 in 
either direction is і = 150[(3.3 — 0.6)1.65 — 1.6522] = 463дА. Current from the gate NMOS whose 


source is grounded is ig = 3(150)[(3.3 — 0.6)1.65 — 1.6522] = 3(0.463) = 1.388mA . 


Here the net current for capacitor drive is ic = (3 — 1)0.463 = 2(0.463) = 0.926 mA pulled from the | 
cell. 

Now, for the connection to the 3.3V input side, and the cell voltage pulled to 1.65V: V, for the gatc 
transistor is V, = Vio + ¥((Vsg + 0.6)^ — (0.6)^) = 0.6 + 0.5(1.65 + 0.6)^ — 0.6^ = 0.963V, for which 
ір = 3(150)[3.3 — 1.65 — 0.96 — 0.6]? = 3.64 uA! Very low! 

Thus lifting the low side up is not possible! However switching is still possible, with a one-sided drive 
forcing the high side of the cell (ie Q) toward OV. 


For the cell output capacitance: 


Ceg = Саһ + Сар + Саз + Сод + С» + Cove + Cop + Con = (1 + 2.5 +3) X 1.2 X 2.5 + (1 + 2.5 + 3) 
х 1.2 «0.5 + (1 + 2.5)(1.2 х 0.8 x 1.8), | Or 
Ceg = 6.5 x 3.0 + 6.5(0.6) + 3.5(1.73) = 6.5(3.6) + 3.5(1.73) = 29.5f F. | 


Returning to the current drive, the excess drive current at Vpp/2 is 0.926 mA. But at Vpp, the cell out- 
put is 0 mA, while the gate drive is ig = 3(150)(3.3 — 0.6)? = 3.28mA. Thus the average switching 
drive is ip (Av)(3.28 + 0.926y2 = 2.10 mA. 


Time for regeneration to begin is teg = 29.5 x 1077 x 1.65/3.28 x 10? = 14.8 ps 


For each inverter, V = v is the voltage at which vg = v; = v. Now K, = 12k, = 1/2 x 25 (2/3) = 
8.33 рА/У?, К, = 1/2 x 10 x 2/3 = 3.334A/V?.. For both devices in pinchoff, 8.33 (0-1) = 3.33 (5 – 

v — 1)?, v — 1 = (4 - v) (0.632), v — 1 = 2.53 — 0.632 v, 1.632 v = 3.53, and v = 2.16V. For input - 
current і and Ug = 2.16/2 = 1.08V, with the n-channel device in triode mode with vgs = 5V, i = 8.33 
(2 (5 — 1) (1.08) —1.082) = 8.33 (8 (1.08 — үй ) Thust © current to the cell = 62.3 ДА. For the p - 


2-28 - г-ын | = 3.33 (8(1.42)-1.42?) = 31.1ДА. Thus, 
the current from the cell = 31.1 ДА. Now, for reading, the digit line is assumed held at Vpp/2 = 2.5V 
by its large capacitance, with a noise margin of half the threshold. Assume О; and О are n-channel 
FETs and that the p -channel output connection is the most sensitive. Thus, arrange the size of О; (or 
Ос) so that the current is 31.1ҢА (or less), with 055 = 2.5V, Ups = 3.58V, and vgs = 5V. Thus, 31.1 = 
К (2 (5 —2.5 — 1) (3.58 — 2.5) — (3.58 — 2.5))) = K (2 (1.5) (1.08) -1.082) = 2.074K , К = 31.1/2.074 


= 15.001A/V?, Since К = 1/2 (25) x W/3 = 15, W = Ws = шингээн = 3.6 u m. For writing, the 


worst case is likely to be raising the output against the n-channel device. Here Ugs = 45V, Ups = 45V 


and Uss5 2 2.16V, while vg; = +5V, Up; 2 2.16, vs, = ОУ. Correspondingly, is = (1/2 x 25 x 38) (5 


channel device, i = 3.33 (2(5-1) 


— 2.16 — 1)? = 27.6 u A, i, = (1/2 x 25 x 2) [2 (5-1) (2.16) -2.162| = 105.1 p А. Thus writing can- 


not occur by О; overpowering Оу. However, the other digit line at OV may succeed. For this case, Q4 
and Qs compete, where ig = (1/2 x 25 x 3.6/3) (5 — 1)? = 240 u A, while i, = (3.33) (5 — 1)? = 53.35 u 
A. Thus ig clearly exceeds i4, and the design is viable. Therefore writing will occur, with a major role 
for one of inputs in pulling down, and a secondary role for the other input in pulling up. 
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13.70 


13.71 


13.72 


13.73 


SOLUTIONS: Chapter #13—33 


For the bit-line capacitance: 

Bit-line length = 256 x 2.5um = 640um = 0.64тт. 
Bit -line capacitance = 640 x 1x 1.8 = 1.152pF. 
Total bit-line capacitance = 1.152 + 0.070 = 1.222 pF 
For the stored signals: 


For О with the gate at 3.3V, the cell voltage is 3.3 — V, where V, = Уу = Y((Vsg + 0.6)^ — (0.6)^) Try 
V, = 1.1V, whence Узр = 2.2V. V, = 0.6 + 0.5((2.2 + 0.6)^ — 0.6^) = 1.049 


For V, = 1.05, Vsg = 2.25, V, = 0.6 + 0.5((2.25 + 0.6)^ — 0.6^) = 1.06. 
Use V, = 1.06V in which case the cell voltages are OV and 3.3 — 1.06 = 2.24V. 


Thus the total stored voltage is 2.24 — 0 = 2.24V of which 20% is 0.448 V. Thus the stored signals 
could be a high as 0.45V or as low as 2.25 — 0.45 = 1.79V. 


Now for the bit lines charged nominally to (Vpp/2 — V,) = (3.32 — 0.6) = 1.05V, 


mr ; 40 
th , , EPI ү ТТА е ин . = е 
e positive signal (from Eq. 13.58) is 20 3. 1222 (1.79 — 1.05) = 23.5 mV, 
and the negative signal is 239 05 - 0.45) = 19.0 mV. 


40 + 1222 


Where the body effect raises V, to about 1V, the initial stored cell voltage is 3.3 — 1.0 2 2.3V. Thus a 
20% change is 0.2(2.3) = 0.46V. For this to occur in 10 ms across a 40 fF capacitor, the leakage 
current must be J, = 40 x 107! x 0.4610 x 10? = 1.84pA. 

For an average voltage of 2.3 — 0.462 = 2.07V, the equivalent leakage resistance must be 


L = 1.125 x 107 = 1.120 


~ 184 х 10-2 


10 x 107 x 4 x 107 
1.5 


Неге, Q = CV = IT. Thus, C = = 26.7 x 1078 = 0.027fF. 


Refresh is done 1 row (or word) at a time, in each block. Thus a total refresh takes 1024 cycles. In 10 
ms, there are 10x 10730 x 10? = 3.33 x 10° read/write cycles. Thus of the available cycles, 
1024/3.33 х 10? = 3.07 x 107, or 1 in 325, or 0.3% are spent on refresh. Such a design needs 1024 
sense amps in each block, or 16 x 1024 = 16.384 altogether. If only 1024 amplifiers must be used, the 
overhead increases to 16 x 0.307 or 4.9%, corresponding to 1 in 20.4 cycles! 


SECTION 13.11: SENSE AMPLIFIERS AND ADDRESS DECODERS 
13.74 For the body effect on Ол, V, = Vio + Ү((Уѕв + 0.6)^ — 0.6^) = 0.6 + 0.5((1.65 — 0.6)^ — 0.6^) = 0.96V 


13.75 


Assume the difference is quite small, and that Q7 operates in the triode mode with resistance r where 
Yr = 150(3.3 — 1.65 — 0.96) = 103.5LA/V, or = 9.66k Q. 


With respect to this resistor, the 1 pF line capacitances are in series, corresponding to an equivalent 
capacitance of 0.5 pF. Thus the time constant is 0.5 x 10:12 x 9.66 x 10? = 4.83ns. 


The voltage across r is v = Ave ^ "9, Now wAv = 1/100, when t = — 4.83111/100 = 22.2 ns. 
To reduce this to 1 ns, Q4 must be 22.2 times wider, that is W} = 22.2 х 1.2 = 26.6um 


The regeneration time constant is C/G,, where C is the line capacitance and Gm = (Emp + 2,4) for each 


inverter. Here, for a matched minimal inverter, at Va = Vpp/2 = 1.65V, ip, = V2(150)(1.65 – 0.6)^ 
and g,, = 2(1/2)(150)(1.65 — 0.6) = 157.5ДА4/., with Gm = 2(157.5) = 315A. 
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Now for an inverter nx minimum size needed to achieve a 2 ns time constant, 
2х 10° = 2 х 10711 (315 х 106), and nz2x10/279315x10$x2x10?, or n= 3.17. 


о — Vpp/2 


Now, generally v = Vpp/2 — Ave 772, and t = 2In AS 


(0.9 — 0583 | 


Time to rise from 0.5 Vpp to 0.9 Vpp for by 50 mV input is ¢ = 21а 
| 50 x 10? 


6.55 ns. 
(0.5 — 0.1)3.3 


25 х 103 | = 7.93 ns 


Time to fall from 0.5 Ирр to 0.1 Vpp initiated by 25 mV is ¢ = 21а | 


For a so-called 1 Mb memory, the number of cells is 22 — 1,048,576. For a square array of 1024 x 
1024, there are 1024 rows (words) requiring a decoder with 10 input bits and 1024 output lines. Since 
bits are grouped in 4-bit packs for readout, only 10 — 2 = 8 bits of column addressing are needed. The 
column decoder would have 8 input bits and 10244 — 256 output lines. 

For a 1024 bit row decoder, needing п bits, 2" = 1024, and logl024=nlog2. Thus 
n —logl102440g2 = 10 bits. 

For a 10-bit 1024 line output decoder as in Fig. 13.63 of the Text, there are 1024 output lines and 10 
pairs of input lines with 1 NMOS/pair/row. Thus there are 1024 x 10 = 10,240 decoder NMOS, with 
1024 dynamic PMOS and 10 address inverters. 


Now a 256-line decoder rquires л = log25610g2 = 8bits of input. Thus a corresponding tree decoder 
has 8 input layers. Since 210 = 1024, there are 10 layers in a 1024-line tree decoder. For n bits input, 
the number of tree transistors is N=2+4+8+ +++ +2". Now, see that N  V2(N + 2" * ) – 1, 
2N =N + 2" * 2, and N = 2^ *! - 2. 
Now for 256 lines, n = 8 and N = 2-2:512-2- 510 transistors. For 1024 lines, л = 10 and 
N = 2!! — 2 = 2048 - 2 = 2046 transistors. 
For a standard minimum-size NMOS at low vps, the series resistance is r, where 
Vr = 150 x 107$(3.3 — 0.6) and r = 1(150 x 10% x 2.7) = 2.469 КО 
Thus a resistance of almost 2.5 КО is associated with each switch. For n layers, the associated time 
constant is n (2.469) x 10? x 1 x 107 = 2.47 ns. 
For the line to fall from Vpp to Vpp/10 in 7 ns, 0.1 = 1e772^^^ — 72.47п =1п0.1 = — 2.302, and 
n = 7(2.47 x 2.3) = 1.23. 
Thus only one layer is possible! En this is quite unsatisfactory! To resolve this problem, two pos- 
sible solutions exist: 

(a) Increase the width of all NMOS by a factor m, allowing л to become 1.23 m. 

(b) Buffer the decoder output with a buffer consisting of 2 cascaded inverters. 
For situation (b), a single NMOS provides a current of about ip = 150(3.30 — 0.6)? = 1.09mA. This 
will discharge 1 pF from 3.3 to 0.33 in t = 1 x 10? x (0.9 x 3.3)1.09 x 10? = 2.7п5. 
Thus the buffer could use 3 minimum-size NMOS (2 for the inverter, and one output transistor). For n 
layers, this buffered solution would increase the number of minimum-size transistors to 
3(2") + 2" +12 =5 х 2" – 2 for a total device width of (5 x 2? – 2)W, For the direct solution (a) 
with wide transistors, and the approximation that a minimum-size device can serve only a single layer, 
we need for n layers, (2 x 2" — 2) transistors of width л, for a total width of (2 x 2" — 2)n. 
For example, for 10 layers and n = 10: (a) gives 10(222 — 2) = 20.5 х 10°W,,, while (b) gives 
5х2!0—2 = (5.2 х 103)W,. Obviously a buffered solution is attactive, economic, and potentially fas- 
ter! 
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SOLUTIONS: Chapter #13-35 


Row 13 


13 ж 1101 


АЗ Аз А2 А2 At A1 Ao Ao 


Неге, 13,9 = (1101)2. Thus the decoding pattern is as shown. For a 256K-bit square array, there are 
two 512-line decoders, each with a 9-bit input requiring 9 + 1 = 10 transistors per row. 


SECTION 13.12: READ-ONLY MEMORY (ROM) 


13.79 


13.80 


Basic NMOS are 1.21un x 0.8um. With 30% overhead in each dimension, the cell size may be 
1.2 х 1.3 = 1.56um by 0.8 x 1.3 = 1.04. Perhaps a 1.6 um x 1 um cell design is possible. For a 
chip Imm? in area, 85% can be used for the array whose area would be 0.85 х 107912, The number of 
cells that can be accommodated is 0.85 x 10 9(1.56 x 1076 x 1.04 x 10$) = 5.24 х 10°. Thus it seems 
that the ROM could accommodate 2!9 cells where 219 = 5.243 x 107. For 32-bit words, where 32 = 25, 


the ROM capacity is 2? ^? = 214 = 16,384, or 16K words. 


For the computation of X/Y as F + Q + R, where "1" in the 5 output columns represents the location 
of a ROM transistor: 


xı xo Fr Yol fi | do | т rol 


юэ к= ке mo һа нэгч cooocococcoccoOc 
= оо оон ноо ноо 
монон Or OF OF OK О»-- ю 
ooorcocr ooon cooe 
O O= ооссосон-.»” осососсогтгсоүсоооозс 
= = = O нг СОО ОО OCF оо сосооо 
ooorr чч» И ЖчК» г» К» К» ж» а», 
От-соО- рү“сосоүосойр.“оОо»--.-со сонЗ- соо 


0 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 
0 
1 
1 
1 
1 


Now, count the ones in the output columns of the table (the rightmost 5 columns). See tbat for the 5 
column outputs, there are 20 transistors in the array itself, plus 5 loads, plus 5 inverters of 2 transistors 
each. Thus the design needs 20 + 5 = 25 transistors in the array, and 5(2) = 10 for the inverters for 
a total of 25 + 10 = 35. Without the inverters (and using transistors to represent logic zero), the 
design would use 5 (16) —20 +5 = 65 transistors total. For the 4-bit decoder, one needs 4 + 1 transistors 
per row (including the load), for 16 rows = 80 transistors in total. 
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Here, E is a global signal input to the ROM array which can be grounded (or earthed), or driven by a 
single (large) NMOS by signal F for evaluation control. In the latter case, the design is totally dynamic 
and nonOratioed. 


£ ть go 


2 ` 
В ZZ 
Key : ZZ * ит Cave Unknown А ) = Causes 5 юНК- Optional Timing 


There are at least two possible timing modes, depending on the use of line E (and signal F): 


Case a): Precharge is done early by lowering C, D. {They can be connected together.} Evaluation does 
not occur until F is raised, lowering the common line E and allowing some bits B to fall. This design is 
unratioed. 


Case b): F is always high (or E is grounded). C precharges the address decoder. A allows only one 
word line to be high. D falls to raise the bit-line B of only the selected word. The design is ratioed. 


13.82 To reduce the initial cost of programming the ROM: 
(i) 
(a) Use a high value for a '1' so that few transistors need be "removed". 
(b) Use a low value for a ' 1' so that few transistors must be used. 
(c) Use a low value for '1' so that few fuses need to be blown. 
(d) Use a high threshold value for '1' so that little threshold-raising is needed. 
But there are other costs, for example in: 
(1) Creating the basic ROM IC which is cheaply programmable. 
(iii) Providing the operating power. 


For example, in the case of operating power, such power can increase if larger currents flow in one signal 
convention than in another. For this reason, one might choose for the 4 cases above: 


(a) alow’l’, 
(6) alow’, 
(c) either choice, 
(d) a low threshold for '1'. 
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Сһар{ег 14 


BIPOLAR DIGITAL CIRCUITS 


SECTION 14.1: THE BJT AS А DIGITAL CIRCUIT ELEMENT 


14.1 


14.2 


Generally, а = МВ + 1). Thus ор = 100/101 = 0.990, ар = 0.25/1.25 = 0.200. 

From Eq. 4.100, ipg = Isg(e "^" * ~ 1). 

Неге, 1/0.99 = [gg e 0105) or [op = e 28999 = 6.98 x 107A, 

From Eq. 4.102, o¢lse = ор [5с = Iş. Thus Iş = 0.99 x 698 x 10°38 = 6.91 x 107A, 

and Isc = /5/0р = 6.91 x 10:90. = 3.46 x 10724, 

For saturation, Їв:ш = (4.3 — 0.7y10k€2 = 0.36 mA, 

and, assuming Vcg = 0.2 V, Ic; = (5.0 — 0.2X2kQ = 2.4 mA. 

From Eq. 4.113 simplifed, ig = IgBpe "^ * or 0.36 x 10? = 6.91 x 10717100e 5. and 

Ове = 251n(0.36 x 10? x 1006.91 x 1075, ог ogg, = 616.9 mV. 

now, а better version of Ip, is 43-0617/10кКО0- 0.368 mA ог which 
Ювкзш = 251n(0.368 x 107? x 1006.91 х 1073) = 617.5 mV. 

1 + (Brorcea + 1n 


, Where Broreced = 2.40.368 = 6.52. 
1 – Восе Вр Pyoreced 


From Eq. 4.114 Ускш = У,1й 


Т 1 + (6.52 + 1y0.25 31.08 G 
V = Кашин eatin alin ааа ааа аа ааа = = , Ld 
hus сш = 25 | 1 — 6.52/100 un Er | nom 


Now іс; = (5 -0.0876у2КО = 2.46 mA, and уо,сса = 2.460.368 = 6.68, 


1 + (6.68 + 1)0.25 


1 — 6.684100 = 2511[31.72/0.933] = 88.2 mV 


whence Vcg,,; = 2510 


For turnon: 


For the turnon delay: The total capacitance at the base, C = Се + Cy = 0.5 + 0.5 = 1.0 pF, must 


charge from 0 to 0.7 V through Rg = 10 КО, with ù; = 4.3 V and Vg between 0 and 0.7 V, providing 


an average current /д3 = WILDE = 0.395 mA. 


Thus, using CV = IT, ty = 1 x 10712 x 0.240.395 x 107) = 1.77 ns. 
(Aside: Note that from Exercise 14.1, considering the early part of the exponential: 


ty = (Rp + С + СКУ: — УУУ» — 0.7)] = (10* + 0)(0.5 + 0.5) ?10In[(4.3 — 04.3 ~ 0.7) = 
1.777 ns, which is nearly the same.) 


For the turnon rise time: The base current charges the active base capacitances. The equivalent геѕіѕ- 


tance is Rg ЇЇ гд as мд falls from оо to the value just before saturation. Use the value that applies when 
Vc = 2.5 V, where Ic = (5 - 2.52 = 1.25 mA, Ig = 10/3 = 125 pA, and 

rg = Vrp = 25 х 1012.5 х 10° = 2 КО. Thus, at the base, 

Reg = 10КО 1 2k€2 = 10696 = 1.67k C2. 

Likewise, use C4 at 2.5 mA, where Ён = ra = 1002 x 10° = 50 mA/V. 
50 х 107? 


= 7.96 pF. 
2n(10?) 4 


Now, from Eq. 4.130, C4, = Cr + Cy = ега or Ca + Cys 
T 


Ignoring the Miller effect, the base time constant becomes 
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т = Reg Ceg = Rí4(Cg + Cy) = 1.67 x 10° x 7.96 x 101? = 13.3 ns. 
If the Miller effect is included, with an average gain equal that at vo = 2.5 V and ic = 1.25 mA, the 


corresponding gain is — 2„ Ё = ~ 50 х 1073(2 x 10°) = — 100 V/V, 


for which С =C, + Cy, + 100(C,) = 7.96 + 100(0.5) = 57.96 pF, and the base time constant is 
T = Reg Сш = 1.67 x 1057.96 х 107? = 96.8ns. | 

Now ic = Blp2(1 — e ^'^, and t, is the time it takes from essentially zero to when ic = 0.9 (1ш) 
= 0.9(2.5) = 2.25 mA, where /5; = (4.3 — 0.7Y10 = 300 pA. 


Thus at кшн of the current rise, 2.25 х 1073 = 100(360 х 1079(1-ё ` "^, or 

-e (2.25 х 10°)/(3 x10?) - 1 = — 0,325, — t = — 1.124, whence t, = 1.1241. 

Here, t, = 1.124(13.3) = 14.9 ns, or with the Miller effect, t, = 1.124(96.8) = 109 ns. 

Of these, the first applies to the collector current if the load is shorted. For the RTL inverter, as shown, 
t, = 109 ns is a better estimate. 


Now, overall, tj, = ty + t/2 = 1.77 + 109/2 = 56.3 ns, or for a shorted load, t, = 1.77 + 14.92 = 9.2 
ns. 


For turnoff: For the turnoff delay: From Eq. 14.3, 


Ip2 ын Ice 
1 = t, ————— — —-, where Icu = (5 – 0.12 x 10° = 2. | 
5 s Igi + Гс where Ica, = ( y2 45 mA 
Неге, /g2 = (4.3 – 0.7010 x 10° = 360 НА, and Ig; = 0.710 x 10° = 70 pA, B= 100, and т, = 1.5 
ns. 


Thus, t, = 1.5 х 1070.360 — 2.45/100)(0.07 + 2.45/100) = 1.5 х 107(0.3355у(0.0945) = 5.325 ns. 


For the (turnoff) fall time: (i) Using the Miller-Effect approach introduced earlier for the rise time, and 
the corresponding average resistance and capacitance data: R,, = 1.67kQ, and Cii = 57.96рЕ, for 
which t = 96.8ns , ty is calculated for the current level falling from Ic to 0.1 Jc, 


where ic = Јаше", Ole = Јаше“, and tj = – 000.1 = — 96.8100.1 = 223ns, a very long 
time. Note, just as in the case of t, above, an estimate of ty for the collector shorted is much smaller, 
fy = 13.3(2.3) = 30.6 ns. | 
Alternatively: (ii) One might consider using Re = Rg = 10 КО, with a) Ce = Cj; + Cu = 1 pF, for 
which t= 10 ns, and /; = ~ 1011(0.1) = 2305. or b) Ceg = Crn + Cy = 7.96 pF, for which the time 
constant is 7.96рЕ x 10kQ = 79.6 ns, and ty = 79.6(2.3) = 183ns. | 
A better approximation could be obtained by using the first approach for (say) the initial half of the 
current fall, and the basic second approach for the final part. In that event, the current fall time would 
be ty = [ — 96.811(0.5) — 101n(0.2)] = 96.8(0.693) + 10(1.61) = 67.1 + 16.1 = 83.2ns. 

Yet another estimate can be made by considering Rg as a source of current drawn from the base lead, 
with most current flowing in Cy, аз Vc rises while ic falls. Time for Cy to charge to 5 V is 
t; = 0.5 х 101? x 51(0.7 – 0)/ (10 х 105)] = 35.7ns. 

While no firm conclusion can be reached simply, t; is likely to be quite large, perhaps in the vicinity of 
100 ns. This situation is very appropriate for SPICE simulation! 

Now Шуу = 13 + 77) = 5.3 + 1/2. For the load shorted, this becomes уу = 5.3 + 30.62 = 20.6 ns. 
Otherwise, ty dominates. For the worst-case Miller-Effect calculation, tory = 5.3 + 2232 117 ns. 


Finally, the base will stay essentially in the conduction region until conduction ceases. From the 
Miller-Effect viewpoint, this is for most (but not all) of гу, up to 223 ns. Certainly for no Miller Effect, 
the base voltage will hold up until the excess stored charge is removed, namely, for the period /, = 5.3 


ns. 


—— ga — lc sa .9 1—10200 _ 1 – .05 
=. у ш ш; 20,1, = 20 х 10? ———— ——— | = 20(19) = 
Here, t; = T; PEI Now, for Гв = 0, ts 0410200 ^ 05 (19) 
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| - 1 (1-.05) 1-.05 
38088. For Jpg; = 1 mA: t, = 20 "27.05 = 18.15; and for [ру = 10 mA: {, = 20 m = 
1.89ns. 

Here, for ogg = 0.7 V, оски = 02 V, Ipa = 207. = 43 mA, Ip, = LU - 0.5 mA, and 
lesa = — = 9.6 mA. Now, the original stored base charge = t, (4.3 — 1 
9.6 | 


Without a Capacitor: charge removed = 80 ns (0.5 + ) mA = 80 (0.5 + 9.68) pC. 


В 
With a Capacitor: charge removed by capacitor = СУ = 8 pF x (5 — 0.2) V = 38.4 pC. Subsequent 
charge removed = 30 (0.5 + 9.6/3). For a charge balance, 80(0.5 + 9.6/B) —38.4 = 30 (0.5 + 9.6/B). 
Thus 50(0.5 + 9.6/B) = 38.4, 0.5 + 9.6/B = 38.4/50 = 0.768, 9.6/B = 0.268, and В = 9.6/0.268 = 35.8. 


Also т,(4.3 — 9.6/8) = 80(0.5 + 9.6/B). Thus, т, = 80 ALD 152 ns Now, d: 50 Welt thé 
| : lo, 
charge provided via C just cancels the internal charge: Thus CV =т, (Ig2 — т Or 
15.2 9.6 15.2 
С = 5-02 (4.3 = 3587 = 48 (4.032) = 12.77рЕ or 12.8pF. | 
15.2 (4.3 — T) - 12.8 (5.0 — 0.2) 
Now for C = 12.8 pF, and D = 2 (35.8) = 71.6, t, = 96 
каш: 
_ 15.2 (4.166) — 12.8 (4.8) _ 
= “634 - 2.97, Sr 3ns. 
9.6 
15.2 (4.3 – ——) | 
Now for C 0,1, = — 3 - = LS = 99.9ns! (compared with 80 ns originally). 
a "716 

15.2 (4.3 - 358) 

Check: t; = ——————————— = 79.8 ns. 
0.5 + 21 
| 35.8 


SECTION 14.2 EARLY FORMS OF BJT CIRCUITS 


14.5 


R = 450 ll 640 = 264 Q, V = 0.7 + EL (3 — 0.7) 


43V 1090 
us € BR 50(264) 
450 п = —[: Сай =— ee 290064). 
40.7М For gain = —I: Gain Reta `450+ 2, 
450 —1, 450 + r4 13200, and rą = 12750. Thus r, = 
12750 25mV 
= ; Ip = —— = 0.1 А, f 
| 50 +1 250 Q, and Ig „2500 mA, for 
V which ogg = 700 + V, In —— = 642 mV. Thus 
R 0.1 


Vi, = 0.642 + "p х 0.45 = 0.643V (rather than 


0.60V, as assumed). 


Now for two inputs, at a gain of —1, equivalent гу 


is the same; total current is the same; current in 


450 0.05 
each transistor is half; and ogg = 700 + V, In 3 
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(а) 
(5) 


(с) 


(4) 


(е) 
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= 625 mV. Thus V, = 0.625V. 


| [ 
If for input А, В, = - = 25, or T = 25, then Ic; = 26 
B2 


26 УГ" 

[g2 = 25 Іс2. For simplicity, let Icı = Ic2, and Veg, = 
1+ (By + Pr rs | 1+ (2541011 
1 — BAe 1 — 2550 
(261/0.5) = 156mV. Thus Vy = 0.156 + 0.156 = 0.313 V, 


Тезге M = 4.20 mA, 


26 
Ip; = Fe (4.20) = 4.37 mA, and Igi = (oy (4.20) = 4.54 


mA. Thus Эдрү = 700 + 25 In 4.54/1 = 738 mV, and Upg2 
= 700 + 25 In 4.37/1 = 737 mV. Now, Уну = 0.738 + 0.45 
х 4.54/25 = 0.820V, Ун» = 0.737 + 0.156 + 0.45 x 4.37/25 


25 In = 25 In 


= 0.972V. 
4V -2V о, _ 05 _ 
Ic = “үүл = 06 mA; Ip = -уу = 167НА. 
2 + .684 
Vez = 700 + 25 In 0.517/1 = 0.684V, Ip; = — 7 = 0.537 mA, Ipsa = 0.537 + .017 = 0.554 


тА, Үрзд = 700 + 25 In .554/1 = 0.685У. Thus Vy = 0.684 + 2 (.685) = 2.054 V, 


"mE ILLAE = 0.973 mA, Ip, = 0.973 — 0.554 = 0.419 mA, and Vp, = 700 + 25 In 0.419/1 = 


0.678V. Thus Уһ = Vy — Vp; = 2.054 — 0.678 = 1.376V. 


For diode drops as calculated, Vy = 2.054V, and Jp, = 0.973 mA. For A high, /рзд = 0.973mA, 
Үрзд = 700 + 25 In 0.973/1 = 699mV, and [5 = 0.973 — 0.537 = 0.436 mA, for which Q is 


saturated with Гс = = = 1 mA, and J, = 1.44 mA, with Vg = 700 + 25 In 1.44/1 = 0.709V. 


Thus the corrected value of Vy = 0.709 + 2 (.699) = 2.107 V, for which Ig; = ie = 0.946 
mA, and Ig = 0.946 — 0.537 = 0.409mA. 

lin 5 : = = 1.65 mA, for which Vp = 700 + 25 In 1.65/1 = 713mV, and Jj, = — = 
1.64mA. 


Add another diode in series with D3, D4, which (for the same base drive) has a 0.678 V drop. | 
Thus V4, is raised by 0.678 V, provided that the current levels remain the same. Now, for same 


maximum base drive, Vy = 0.709 + 3 (0.699) = 2.806V, and R, = E - 1.26kQ. Now, 

for Үд = OV, 1,5 — = 2.62 mA, for which Vp = 700 + 25 In 2.62/1 = 724mV, and . 
4 —.724 

„ = —— 2 = 2.60mA. 

I; 126 2.6 mA. 


For fanout, Ів max = 0.436 mA, and with Borcea = В2 = 302 = 15, Ic sa = 15 (0.436) = 6.54 
mA. Thus the maximum load current = 6.54 — (4-0)/4 = 5.54 mA. Thus the maximum fanout = 


шээг. = 20.2. Thus 


5.54/2.60 = 2.13, or 2, conservatively. For a fanout = 3, Вы = 0.436 


Brorced < В, а5 required. 
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For Увс = Vp = 0.7V, and with Vp (alone) high, 


4V 
2K 15 
А С 2 2.31mA. 
B < 
c S 4V 
4V х 
2К 
р < > be 
4V - 
2K 
-2V 
E <q » 
F d 


SECTION 14.3: TRANSISTOR-TRANSISTOR LOGIC 


_ 4-3(07 2407 


5 ш 095 - 0.54 


2 
0.41mA. For all inputs high, Jg = 3(.95) —54 = 


14.9 Reduce Ар to 5/2 = 2.5 КО. From Exercise 14.4, the turn-on base current was 1.6 mA. Now, it is 1.6 
— 0.7/5 = 1.46mA. Now, for D = 50, Ic max = 1.46(50) = 73 mA. The load current = 73 — 5/2 = 70.5 


mA. Thus, for I} = 1.1 mA, the maximum fanout is 


a = 64,1, ie N = 64, Now for N = 64/4 = 


16, Іс = 16(1.1) + 2.5 = 20.1 mA, and В, = 20.1/1.46 = 13.8. Now, for Вр = 50, Bg = 50/100 = 


1 + (Br--1y Bg 1 + (13.8+1у0.5 


0.5, 21:25:25 | 7 = = 95.6 = VoL. 
VECsat 25 In 1 Br 25 In 1 — 13.8450 95.6mV OL 
Іво — 1 
14.10 Generally, /в2 = 1.46 mA, Ig, = 3G = 0.28 mA, Ic = 5/2 = 2.5 mA, and t, = т, SLM. 
2.5 
1.46 – — 
| ° 50 10(1.41) 
For B = 50 and, Ic = 2.5 mA, becomes t, = 10 Se OS хайн 42.7ns 
.28 + —— 
50 
1.46 - 221 
For N = 16, Ic = 5/2 + 16(1.1) = 20.1 mA, and 4, = 10 20] 5 15.5ns 
0.28 + —— 
50 
1.46 - 22. 
For B = 100, and N = 0, t, = о = 47.015. 
.28 + 100 
1.46 - 55 
For N = 16, t, = 10 = 26.2п5. 
0.28 + 235 
100 
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For a load of 2 КО, Ic = 22 = 24 mA. For Byorced = 10, Ip = 24/10 = 0.24 mA. Thus, ће max- 


imum collector current available = 50 x 0.24 = 12 mA. Thus, the additional load current allowed = 12 
- 2.5 = 9.5 mA. Thus, the minimum external load = R; = җыл = 5050. Now, consider a load of 


2(505 Q) = 1.01 kQ, for which the total equivalent collector resistance = 2k ll 1.01 k = 0.67 KQ. 


For the rise time: Here Vg = 5.0 — (5-0.2)e “С, Now the time for 10% = time for 0.2 V = 0 ns. 


Now, for the time for 90%: 0.9(4.8) + 022 5.0 – 48 € "^, 4.32 + 02 = 50 — 4.8 e", €, 


t = -К C In == E = —0.67 x 10? x 10 x 107? x (2.30) = 15.4ns. Thus the rise time = 15.4ns. 


For the fall time: Here the ou AM starts at 5.0 V and heads toward 5 — 12 mA(0.67k) = —3.04 V. Thus 
Vo = —3.04 4(543.04)e ^ ©. Now, the fall time is complete when —3.04 + 8.04e ^ ^ = 02 + 
0.1(4.8), or = —6.7 ns x In 3.72/8.04 = 5.16ns. Because of the load, the rise and fall times have 
become more equal than they are with very light loads. Note that if an external load of 505 Q is used, 
t, and t; become equal. Why? 


Here, (a) For Iç = 20 mA and By = 40/2 = 20, Ig = 20/20 = 1 mA, (b) Rc =R, (c) Supply = Vis 
small, (d). Vo, = 0.2 V. Now, Ул, = 0.6 —0.2 = 0.4V, and assuming Q; conducting in inverted satura- 
tion, Ун = 0.7 + 0.2 = 0.9 V. Now, for loading: 


For Vo high: For reverse-current flow in each input transistor and fanout №, the total outward-directed 
load is N(Ig3)Ba. For N = 10, Јн = 10(1)(0.1) = 1 mA. Thus Voy = V — R(1). 
For vo low (=0.2V): The current required by each input is B For N = 10, 


R 
Ij, = 10( 2 ) < В; Ig = 20. Thus, V S2R + 0.9 – – — (1). Now, NM, = Уп, — Vor = 0.4 – 0.2 = 
0.2У, and NM, > 1.5 NM, = 1.5(0.2) = 0.3V. Now, since Ин = 0.9У, Voy 2 0.9 + 0.3 2 1.2V. But, 
Уон = V - R(1) 2 1.2У. Thus У 2 1.2 + К – - – (2). Now from (а), for Ig 2 1 mA, and for Q4 
"wr with Qi тва in reverse mode with Ва = 0.1, the current in the base of 


Оз= ee (10.1) 2 ImA. Thus V - 14 2 R/1.1, or V 2 1.4 + 0.918 – – – (3). Now, 


overall, there are three conditions: (1) V < 2R + 0.9, (2) V 2 1.2 + R, апа (3) V 2 1.4 + 0.91 R. 

See that the minimum V occurs for the 
intersection of conditions (1) and (3), 
where 1.4 + 0.91 R = 2R + 0.9, or 1.09R 
= 0.5, whence Ё = 0.459kQ, and V = 0.9 
+ 2(0.459) = 1.817V. Use (conservatively) 


Vx0.942R Угх1.4-0.918 V = 2.0V, and (from (1)) 2R 2 2 -0.9, 
3.0V - ' | К > 0.55 КО, and (from (3)) 0.91К S 2.0 
2.5V = —1.4 = 0.6, ог R < 0.66K. Use К = 6002. 
| ap ila Vzi.24R Here, it is apparent that the higher the 
2.0V uu voltage chosen (and the resistor chosen), 
1.5V 1 the greater is the range of adequate opera- 
Pil tion. 

1,0У 4 useable region „2.5 -09 
0.5V Thus for V = 2.5V, R 2 2— = 0.8 
R ко, and < 2214 2 121 КО, Thus 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.91 
use 1.0kQ. 


For V = 2.0, R = 0.6 КО: For v; high, 
Ісз 540 == == = 40 mA. For vy 
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low, I, = 202207. = 1.83mA. Thus, for the edge of saturation, N < 40/1.83 = 21.8, say 21. For V 


0.6 
= 2.5, R = 10 КО: For vy high, Ic; < 40 prd аА potero. on Р 


1.6 mA. Thus N S 44/1.6 = 27.5, say 27. 


14.14 For input high, assuming Vgg = 0.70 V and Vcg sat = 0.2 V, see Vg3 = 0.7V, Iig = 0.7 mA, Үс, = 


14.15 


14.16 


0.9V, Ic; = 2—97. = 2,56mA, Vg; = 14V, Vgi = 21V, Ip) = 2 T = 0.725mA, Ig, = 0.725(.05) 


36 НА. Thus 2 = 0.725 + 2.56 + .036 = 3.33mA, and Ig; = 3.33 -,70 = 2.63mA. 

Check Saturation: For Q By; = EE = 3.36, Bre = 9, Bre = .05. Thus 
Vcg sat = 25 In a = 25 In „шее = 0.124 V. 

For О, Усз= 02V, Ics = T = 48 mA, By = 48/263 = 183. Thus Vcg, = 
25 In аы = 107mV. Now for input low, J;, = —— = ].025mA. Thus the max- 
imum fanout N = a = 23.1, say 23. 


1.025 


For input low at 0.3 V, Vg; = 0.3V, Vg; = 0.3 + 0.7 = 1.0V, Ус, = 0.3 + 0.2 = 0.5V. Now assuming 
Vou = ЗУ, Iou = 3 mA, [pg = iu = 0.3mA. Thus Ир; = 5 — 1.6(0.[3) = 4.5V, Vg, = 3.8V, У, = 
31V. Thus Г, = 31mA, /g, = 0.34mA, and Vg, = 5 - 1.6(0.31) = 4.5V, with 
9 
Vc4 = 5 – .13 x 3.1 x —— = 4.64V. 
ES 9-1 


5-2. 


Here, Vg3 = 0.7V, Vg? = L4V, Vg, = 21У, Ve, = 14V, Igi = 0.725mA, Vo = 1.4 — 


0.725(.200) = 1.26V = Ves, Vig = 1.26 + 0.7 = 1.96V, Vga = 1.96 + 0.7 = 2.66V, 1 = 2206. = 


1.46mA. Now Q3 and Q4 will both conduct at approximately the same levels (except for I 250). Thus 
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0. 
2 = 1, 1.62 — 1.117 ~ 0.7 = 1, 2.11 1 = 0.92. Thus J = Ip; 


dk 
= [p4 = 0.44mA, and [c3 = 9(0.44) = 3.92mA. Also Ig; = .44 + 0.7 = 1.14mA, Ip = i = 0.114mA. 


Thus /g, = 0.725 — .114 = 0.61mA, with Vo = 1.4 — 0.2(.61) = 1.29V = Vc3. Thus Гуд = 3.92 - .61 = 


3.31mA, /в4 = 3.31/9+1 = 0.33mA, Vg4 = 1.29 + 0.7 + 0.7 = 2.69V, [б = UE = 1.44mA, 1c; = 


1.44 — .33 = 1.11mA, ан 0. 11) = 1.23mA, /вз = 1.23 — 0.7 = 0.53mA, Ic3 = 9(.53) = 4.77mA, 


4, | 
154 = 4.77 — .61 = 4.16mA, 1 45 ЗҮГ = 0.416тА, 1c; = 1.44 — .416 = 1.024mA, Ig; = (10/9) (1.024) 
= 1.14mA, Ip3 = 1.14 — 0.7 = 0.44тА, [сз = 9(.44) = 3.96mA, Ip? = 1.14/(9+1) = 0.114mA, Ig, = .725 
— .114 = 0.61mA, Ig4 = 3.96 — .61 = 3.35тА, /в4 = 3.35/(9+1) = 0.335mA, Icy = 1.444 — .335 = 
1.11тА, 12 = 1.233mA, [pg = 1.233 — 0.7 = 0.533mA, Ic} = 9(.533) = 4.80mA. Conclude 


4. ; 
Ісз = Ано тэзе = 4.4mA, [53 = 4.4/9 = 0.49mA, [єз = 0.49 + 4.4 = 4.9mA, Ip, = 0.49 + 


0.7 = 1.19mA, ГЕ = 0.61mA, and Үс = 1.29V. 


For Vcg suri. ЈЕ = 0.61mA, I5; = 0.725mA, Ісу = —0.114mA. Thus By = -0.114/0725 = —0.157, 


1+ By + 1f 1 + 8430.5 
VCE s = 2510 ——————— = —————= | 
whence Vcg ш 5In i- 5%; 25 In Г + 1579 72mV 


Іра = Ig3 = 1, and (1.46 mA ~ I) гн 


From the solution of P14.15, for по load, Vg = Үсз = 1.29 V, Ig, = Гу = 0.61 mA, Vg4 = 2.69 У, [вк 
= 1.44 mA, [сз = 4.4 mA, with Br = 9, Vgg = 0.7V, and Br + 1 = 10. Now iterate: 


(a With R; = 2000 to ground, |, = <2 = 6.45 mA. Assume /сз reduces, say to 2 mA. Thus /g4 


= 6.45 + 2 = 8.5 mA, [ва = 8.5/10 = 0.85mA. Thus /c2 = [вк — Ig4 = 1.44 — 0.85 = 0.59 mA, 
Ig? = = 10/9(0. 59) = = 0.66 mA, lik = 0.7 mA. Thus [g3 = = OmA. Thus Ісз = = 0. Тһиѕ Ig4 = ~ Ц = 6.5 
mA, 1вд = 6.5/10 = .65mA — - ~ (1), [c5 = 1.44 – .65 = 0.79 mA, Ig, = 10/9(0.79) = 0.88 mA, 
Ig3 = 0.88 — 0.7 = 0.18 mA, Ic3 = 9(0.18) = 1.62 mA, g4 = I, + [c3 — [299 = 6.5 + 1.62 — 0.61 
= 7.51 mA, 1да = 7.51/10 = .75mA, Ic2 = 1.44 —.75 = 0.69mA, Ig; = 10/9(.69) = 0.766mA, [вз = 
0.766 — 0.70 = .066mA, /сз = 9(.066) = 0.6mA, /g4 = 6.5 + 0.6 — 0.61 = 6.5mA, Ig4 = 6.5/10 = 
.65mA, 1с2 = 1.44 — .65 = .79mA, Ig; = 10/9 (.79) = .88mA, and [вз = .88 — .7 = .18, etc. 

See that we begin a cycle initiated in (1) above, presumed to converge {with a more detailed 


analysis (eg exponential junctions and consideration of the effect of [вз оп Igi, Vo, etc)} on the 


intermediate value. ‘Thos Їл: рота = L.1mA, Ig, = 6.5 + 1.1 —6 = 7.0mA, Ig, = 7.0/10 


= 0.7mA, Ic = 1.44 —.7 = 0.74mA, Ig; = (10/9)(.74) = 0.82mA, 1д3 = 0.82 —0.7 = 0.12mA, Ic; 
= 0.12 x 9 = 1.08 = 1.1mA, as conjectured, where Vg = Vc3 = 1.29V, and J, = 6.5mA. 

(b With R; = 2000 to 45V: For Vo = 1.29V, Ісз = L, + 1Е = ae M + 0.61 = 19.2 mA. Likely 
Q4 is nearly cutoff — Іва = OmA. Thus Ic» = I бк = 1.44 mA, lE? = (10/9) (1.44) = 1.6mA, Івз 
= 1.6 — 0.7 = 0.9mA, [c3 = 9(0.9) = 8.mA (too small). Conclude that as Vg goes up, I, reduces, 
Ig, reduces, [вә increases, possibly Q^» saturates. 


For Q, saturated: а= 2292272 = 2.56 mA, Ip; = LM = 0.725mA, 


| Ig? < 2.56 + .73 = 3.29mA, [вз 53.29 ~ 0.7 = 2.59mA, Ic3 < 9(2.59) = 23. 3 mA. Conclude that 
Q» is not saturated, but Ig, is small, Vo = 1.4V, for which /сз = aaa D m 18mA, /p5 = 18/9 = 


2mA, [gj = 2 + .7 = 2.7mA, Ic; = 9/10 х 2.7 = 2.43mA, Vc; = 5 — 2.43(1.6) = 1.11V, not quite 
saturated, as assumed. Thus /в2 = 2.7/10 = 0.27mA, Ig; = .725 ~ .27 = 0.46mA, and Vg = 0.7 + 
0.7 + 0.7 — 0.7 — 0.46(0.2) = 1.3V, with Q4 cut off. 
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SECTION 14.4: CHARACTERISTICS OF STANDARD TTL 


14.18 For vg(C) = 3.0 V, ос (С) = 3 + 0.65 + 0.65 = 4.3 V. Now at C, Увкз = 0.6V and Ig; = [су = се 


2 
0.6 


Thus 9с253-1.6 |—— 
us Uc2 1Г 


= 43V. Thus К = DO 


= 1.37kQ. For this change, v,;(C) = 1.2V, 


vo(C) = 3.0V, d; (B) = 0.5V, vo(B) = 3.7V. Thus gross slope BC = ~ d ee a = -1 VN. 


For Incremental gain: Ig4 varies from 0 to 0.6/1.37 = 0.44mA, and ЈЕ: а = 0.22 mA. Thus r,2 = 


. .6k | 
25/.22 = 114Q, and = — 0. —— =-1. ; = = 3. 
and gain 0.98 х IAk 4 1376 1.06 V/V. For К» = 1kQ and vg (C) = 3.0V, 


Uc) = 5 — Ri (0.6/1) = 43V, and R = 2 = 1.17kQ. 


2 


For turnon of Оз: Previously: Ig3 = Ig2 + 1с2— Ir2 = зээг + 21 ЖЫ 8 


725 + 2.563 — 0.7 = 2.59 mA. Now: [вз = .725 + A -0.7 = 3.53 mA. Thus the increase = 3.53 — 


2.59 = 0.94mA = 36%. Now the Storage Delay will increase even more, by a factor due to the 
3.53 — 0.2 


Ip? — D difference. For example, with Ве = 50, and Їс = 10, the increase is by 259102 7 1.39, 


or by39%! 


14.19 Use coordinates of points C, D: 


14.20 The maximum base current /вз = 4 | 


01 152 216 172 
asc | 01 080 346 10 


For Source at —55'C, load at 125°С: 

NM, = Vj, (125) — VoL (—55) = 0.80 – 0.1 = 0.7V, 

NMy = Vou (—55) — Viu (125) = 2.16 — 1.0 = 1.16V. 

For Source at 125°C, load at —55'C: 

NM, = Vj, (-55) – Vo, (125) = 1.52 -0.1 = 1.42V, 

NMyg = Voy (125) – Vim (-55) = 3.46 — 1.72 = 1.74V. 

For comparison, for the nominal circuit with source and load both at 25°С: 
NM, = 1.2 – 0.1 = 1.IV, 

NMy = 2.7 — 1.4 = 1.3V. 


^ — —— = 2.9 + 2.56 — 0.7 = 4.76mA. 


1.6 
Ii 1 | 
For three inputs low, /g3 = .725 + 2.56 — 0.7 = 2.585 mA. Now h = Т, A doP ГНЕ РИ 


Igi +io® 1 


OmA. Thus the delay for four inputs dropping together is 1, = 10 x 7.588 = 17.8ns. 


Ба ten 0.7 


14.21 For /cg = 1 mA, the voltage drop in 4kQ = 4V. Thus Vc; = 5-4 = 1 V. Now Ip? = 1 mA, Veg = 


1тА 
50 
= 1.401У. Check Ver sat for p, = 49 (say): VCE sat 


! 


0.7V. Thus Qg is barely saturated (if at all). Assume linear — /в6 = 


1.02 mA. Thus 036 = 2 22 — + 700 


= 0.02 mA. Thus Г/кв 
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1 + (49+1у0. 2 
2511 Р = 253 mV. Thus Ов operates linearly, and Ips = 2221. = 0,725 mA, Ics = 
| 00 | (1 + (.028+1)0.1) 
-0.02 mA, [p = 0.705 mA, for which B, = – 2:92 = 028 Бо иог И)... 
E2 mA, for which В, 795 — Vcg sat = 2511 4 02850 59 


mV, and v; = 1.401 —.059 = 1.34У. 


5 – 3(0.7 
Ig, = ILES = 0.725 mA. Via Ол, Vc? = 0.7 + 0.2 = 0.9V. Now, from the symmetry of Q7, Р» 
I - | 
and 4КО, with 02, Vpgs and АКО), it is likely that Jc; = =% = at = 1.28 mA. Thus Ip; = 0.725 


+ 1.28 – 0.7 = 1.31mA. That is, Оз is distinctly turned on. Thus we see the need for the connection 
from the tristate input to О |! 


SECTION 14.5: TTL FAMILIES WITH IMPROVED PERFORMANCE 


14.23 


14.24 


lin = 1 mA, I = 0 mA. Thus ТЕ = ImA, Ip “үүр zy = 19.6 НА, Ip = 1 


} IL mA — 19.64A = 0.98mA. Thus Vg = 750 + 25 In 1/1 = 750 mV = 0.750V, 
and Ус = 750 — (500 + 25 In .98/1) = 0.25V. 


— I; = 1 mA, J, = 1 mA. Thus Iç = 2mA, Jp = 0.04mA, Ip = 0.96mA. Thus 
Vg = 750 + 25 In 2 = 767 mV = 0.767V, Vc = 767 — (500 + 25 In 220) = 
0.266V. 


(c) In = 1 mA, J, = 10 mA. Thus /g = 11mA, Гр = 11/51 = 0.216mA, Ip = 1 - .216 = 0.784mA. 
Thus Vg = 750 + 25 In 11/1 = 0.810V, Vc = 810 — (500 + 25 In .784) = 0.316V. 

(d) 1, =10mA, J, = 10 mA. Thus / = 20mA, Is = 20/51 = 0.392mA, Ip = 10 — .392 = 9.61mA. 
Thus Vg = 750 + 25 In 20 = 0.825V, Vc = 825 — (500 + 25 In 9.61) = 0.268V. 

(e) J, = 10 mA, J, = 1 mA. Thus /g = 11mA, J/g = 11/51 = 0.216mA, Ip = 10 — .46 = 9.78mA. 
Thus Vg = 750 + 25 In 11 = 0.810V, Vc = 810 — (500 + 25 In 9.78) = 0.256V. 


For the transistor: Jg = 1 mA at Vgg = 0.75 V, with n = 1, and В = 50. For the SBD, Jp = 1 mA 

at Vp = 0.5 V, with n = 1. 

Consider the problem in three parts: First, use a constant-voltage junction approximation to find the 

approximate voltage values. Second, estimate device currents. Third, refine the junction voltages based 

on the current levels found. 

(a) Voltages for Vgg = 0.75V, and Vp =0.5V: Now, for inputs A and B both high, Q, is cutoff, 
Q5, Оз, О, all conduct and Q4, Qs are cutoff. See Vg4 = 0.75 V, Үс; = 0.75 — 0.5 = 0.25 V, 
Vg2 = 0.75 + 0.75 = 1.5 V, Vc2 = 0.75 + 0.25 = 1.00 V, Vo; = Vg2 = 1.5 V, 


Vg; = 1.5 + 0.5 = 2.00 V. For Qe, Vgg = 0.75 V, Усу > (0.75 – 0.5) = 0.25 V. 
(b) Device Current Estimates: 

Ip = (5 - 22.8 = 1.07mA = Ip, Igi = (5 – 09 = 444mA = Ica 

Now, [2 = Ico = 4.4450 =0.09mA. Thus Ipz= І – Ів = 1.07 – .09 = 0.98mA, and 

Г = Ig; + Ig = 4.44 + 1.07 = 5.51тА 


Now the load on the output is from resistor R of 2 similar gates, with input at 0.25 V, Увк = 
0.75 and 1, = 2(5 — 0.75 — 0.25y2.8 = 2.86 mA. | 


Thus /c3 = 2.86mA , [рз = 2.8650 = 0.06mA. 


Now 1p; is relatively large depending on the fraction of current from Q» that is conducted away 
by Ос. However its value does not matter, since its voltage-drop variation is absorbed by Vc3 


changing slightly, leaving Vp3 as is. 
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Now for the BJT, Увс = 0.75 V for Ig = Ic = 1 mA. 

Since i = ge", v, — v; = Vrln(i yiz), and v; = v, + Vrln(izfi) - — — (1 

and, as well, і = е °”'——- (2) | 

Thus for /c3 = 2.86 mA, Vg3 = 750 + 251n(2.86/1) = 776.3mV . 

Now for Vgę= 776 mV, from (2), Ice = 1le%6~ 75 25 835,4 , for which 
Ige = 2.8350 = 0.057mA , and 

Vg2 = 500 х 50 х 10° = 0.0285 V. 

Thus Vpg is lower than expected; but not 776.3 — 28.5 = 748 mV. 

Iterate: То start, for Ире = 750 mV, Ic¢g= 1 mA and /gg- 20рА, for which 
Vg2 = 500 х 20x 10$ = 10 mV, and Уз = 750 + 10 = 760mV. 

For Vage = 760mV, I = 1е(760 – 750225 = 149 mA, and Vg; = 500 х 1.49 х 10:50 = 14.9 шу, 
and Vg3 = 760 + = 775 mV. 

For Увкв= 761 mV, / = 1eU9! - 75029 = 1.82 mA, and Ул) = 500 х 1.82 х 107350 = 1.55 mV, 
and Vg3 = 761 + 15.5 = 776.5 mV more or less as needed. 

Conclude that Veg = 761 mV with Vg; = 776 mV, Ipg = 36pAÀ , and Гс = 1.82mA 

For this condition Vgs = 250 х 1.82 х 10? = 0.455 V, and Vcg = 776 — 455 = 321 mV, imply- 
ing that Dg is not conducting. 

Now the current supplied by О; is Jg? = Ig, + Ig = 5.51тА and that needed by Jg3, is 0.09 mA. 
Thus the excess current is 5.51 — 1.82 —.09 —.04 = 3.56 mA. This current will flow in D3. 

For Eq. (1), the voltage drop іп D3 will be v = 500 + 251n3.56/1 = 532 mV. 


Thus Усз = 776 — 532 = 244 mV. 
Now, returning to Q, and Qj, Ic, = 4.44 mA and Уруз = 750 + 25114.44 = 787 mV. 
Now 1р2 = 0.98 mA and Vp, = 500 + 25110.98 = 499m/V, in which case, 


Vpg2 = Vg3 + Vgg2 = 776 + 787 = 1563 mV, and Vc; = Vg3 + Иве — Vp2 = 776 + 787 — 499 = 
1064 mV. 

Thus Vc; = 1064 mV. Now / = 1.07 mA, and Vp, = 500 + 25101.07 = 502mV. Thus 
Vp, = 1064 + 502 = 1566 mV. 


14.25 Using some of the results from the solution of P14.24 above, the emitter current of О) is Jg; = 5.51 
mA. For half this current flowing in Qe, Ige = 5.512 = 2.75 mA, and /вз= 2.75 mA. For 1 mA 
required to operate Q5, and B = 50, then /c3 = 50 mA and Vg3 = 750 + 2510501 = 848mV. 

For Ісб = 5051 х 2.75 = 2.70 mA 

Vpes = 750 + 25112.70 = 775mV. Thus Ів = (848 — 775y0.5 = 146 uA, flowing in R2 = 500 Q. 

But the base current needed to support Jgg = 2.75 mA is 2.7551 = 54 pA. Thus Dg conducts a 
current of 146-54- 92 pA for which Vp = 500 + 251n0.092= 440 mV. Thus 
К< = (848 — 440)(2.750 ~ 0.146) = 1579. 

For larger values of R; (like the 250 Q in the current design, more current would enter the base of Q3. 
Further, as the load on Y and Оз is reduced, and less current is actually needed by the base of Оз, Үвз 
will lower, and the current in Q¢ will also diminish, with extra current (ie > 1/2) flowing into the base 
lead of Оз, but then via D and the collector junction to ground. Of course, the minimum emitter - 
current in Q, is the fraction of /з that does not flow in О when the output is open-circuited, and its 
collector current is nearly as large as its base current. It is interesting to calculate К» for equal currents 
in Ос and the base of Оз, while Rg is 250 Q. 
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14.26 То establish the base drive for Оз, assume that the conducting transistors, Q4, Q5 and Ос have Мұ = 


14.27 


0.75 V and Vgc = 0.5 V, and that for 0, Vgc = 0.5 V while the EB junction is cutoff. 


Correspondingly, Vg3= 0.75 V, Vg2=0.75+0.75= 1.5 V, № = 1.5 + 0.5 = 20 V, and 
Үсә = 1.5 – 0.5 = 1 V. | | 
Thus Jp = (5 — 2¥2.8KQ = 1.07 mA, Ip; = (5 – 100.9 = 4.44 mA, Irs = (0.75 — 0.25y0.25 = 2.0 mA, 
whence Ig = 1.07 + 4.44 = 5.51 mA and /зз = 5.51 — 2.0 = 3.51 mA, neglecting Ige. 


(a) Now for load current Z= 1 mA, /ұз = 3.51 + 1.0 = 4.51mA, the internal base current of 
Оз = 1,32 4.5151 = 88.414A , and the SBD current in Q4 = [рз = 3.51 — .0884 = 3.42mA. 


For these currents: rg = пур = 25.42 = 7.302 | 
Газ = 25 x 1088.4 х 1079) = 2830. and gm3 = Вуз = 50283 = 177 mA/V. 


Assuming that the base source of Q3 can be represented as Кє, the equivalent circuit is as shown. 
Here 1) is a test voltage and i the response current. 
Now for R, assumed to be large enough to 
rx 


igore, і = о„ Vg = gp, ———— 
rd gore, 8 т Ux umm 


ур! 7.30 < and the output resistance 
rtr ry tr 
РР РА ERA ИСИН Шим: 4 245 4 
Sm UM + д) | Enn В 


ог г =r, + ryf = (283 + 7.350 = 5.80. 


Моге that this is essentially 
re = rB + 1) = 28351 = 5.50. 


Now to include К: reg = nVi/Igg = пур = 252 = 12.5 О. Thus, 
Ry, = R WR, ЇЇ (Rs + reg) = 2.8 II 0.9 Il [(250 = 12.5)1073] = 2.8 Il 0.9 11 0.263 = 0.19560 = 1950. 


Clearly, this may be too small to be ignored. 


2177 283 1 195 115.4 
puo get 22 22:40 2 22521223 рын ам 9 ее А 
Now, i = m0 = 1173 4 283 ll 195 55713 +11534 м. 


r =i = 1166 x 107 = 6.020. 
Thus, in fact, R, does not have much effect, since ry is so small. 


(b) Now for a load current / + 10 mA, Iç} = 3.51 + 10 = 13.51, and J,3 = 13.5151 = 265 ДА, 
103 = 3.51 ~ .265 = 324 mA, with rg =293.24=7.7Q, гз = 250.265 = 94.39, 
8m3 = Byr a3 = 5094.3 = 530 mA/V. | 
Thus, ignoring Rp, r = (rg + УВ = (94.3 + 7.7)50 = 2.040. 

Note that this is small due to shunt-shunt negative feedback provided by the SBD. 


Use Vpg = 0.75 and Vp = 0.5V. 


(a) Input is high: / = шин = 0.175 mA, Ig, = эмэ at шинжин = 0.5 mA. Thus 
Їсс = 0.175 + 0.5 = 0.675mA, for output open or shorted to ground. 

(b Input is low; at yj = 0.75 – 0.5 = 0.25V. Ik = шинж ин = .2125 mA. Output shorted: 
Q4 and Qs conducting with drop of 0.75 + 0.75 — 0.5 = IV. Thus Isc = 221 = 33.3mA. Thus 


Їсс = 0.213mA for output open, or Їсс = 33.5mA for output grounded. 


Now, Power Loss is 5 х .675 = 3.37 mW for inputs high, and 5 x .213 = 1.07mW for inputs low, out- 
put open, or 5 x 33.5 = 167.5mW for inputs low, output grounded. The average dc power loss with no 


load = B EE 2.22 mW. Dynamic power with a 10 pF load at 30 MHz = f CV? = 30 x 10° x 


2 
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10 x 107? x (5 — 1.4 — 0.3? = 3.27mW. Thus total power = 3.27 + 2.22 = 5.49 mW. Now, DP pro- 
duct = 5.49 x 10? x 10 x 10°? = 54.9 pJ. 


SECTION 14.6: EMITTER-COUPLED LOGIC (ECL) 
14.28 (a) Voy = 0 – 0.75 = -0.75V. Vo, = 0 — RI -0.75 = — (RI + 0.75)V. 


14.29 


14.30 . 


(b Vm a = -IRZ2 — 0.75 = -(RV2 + 0.75)V, for which Vgg = 750 + 25 In i/I = 750 + 25 In ша 


Ї 
682.7mV. 
(c) Fori = 0.951: Vgg = 750 + 25 In 0.95 = 750 —1.3 = 748.7mV. 


(d) For i = 0.051: Vgg = 750 + 25 In .05 = 750 — 74.9 = 675.1mV, and AVgg = 748.7 — 675.1 
73.6mV. 

(e Thus Ул, = -RI/2 — 0.750 — .0736 = — (RI/2 + 0.824)V, and Vj = — RI/2 — 0.750 + .0736 = – 
(R I/2 + 0.676)V. 

(f МИн = Мон — Мн = — 0.750 + RI/2 + 0.676 = (RU2 —0.074)V, and ММ, = Vi, — Vot = — RI/2 
— .824 + RI + .750 = (RV2 -0.074)V. 

(g) Transition region = 2 A Vgg = 2(73.6) = 147.2 mV. Thus Уш - Уп, = 147 mV. Now RIN 
-.074 = .147V — RI = 2(.147 + .074) = 0.442V = IR. 

(h) Now for JR = 0.442V, Voy = —0.750V, Vo, = —1.192V, Ун = —0. 897V, Ул, = –1.045У, Үр = 
(—.897 — 1.045)/2 = —0.971 V. 


Here, Улс = 0.75 @ 4 mA, and Уу = -R/2 -0.75 = -1.32V. Thus R = IM = 0.285 = 2850. 
Also, Voy = 0 — 0.75 = —0.750У, and Ус, = -0.750 — 0.285(4) = —1.89У. For a 1000-to-1 current 
split, A Vag = 25 In 10° = 173 mV. Thus Vj, = —1.32 —173 = —1.493V, and Уу = —132 + .173 = 
-1.147V. Thus NM, = Vi, — Vo = —1.493 + 1.89 V = 0.397V, and NMy = Уон — Ин = -0.750 + 
1.147 V = 0.397V. 


Неге, / = 4 mA, V,, = —(Ig/2 + 0.75) = -1.32 V. 
Thus R= 122—270 = 3850. For N diodes, Мон 


= 5 – 0.75 – N(0.75) 2 2.7 V — – – (1), and Vo, = 
5 – 0.75 – N(0.75) — R; I < 0.5 – – – (2). 
27 +5 – 0.75 


From (1, N S г MR = 2.07. Use two 


diodes with Voy = 5 — 3(0.75) = 2.75V. From (2), 
5 — 3(0.75) — R,(4) € 0.5, Ry > 2-22-29 = 
0.5625 КО. Use R, = 5709, for which, Vo, = 5 – 
2.25 — .570(4) = 0.47V. 
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14.33 


14.34 


SOLUTIONS: Сһарќег#14—14 


Use I = 4 mA, and R = 2850. See with v, high, D3; operates at 8 mA with Vp = 


750 + 25 In 8/4 = 0.767V, while D, and D3 operate at 4 mA. Thus 


2.70-.767-.7 
К) = ML = 1480. For T?L output low enough, J flows іп R and 


diodes cut off: Vg, = —4(.285) = -1.14V. For Vo, (of T?L) = 0.5V, voltage 

across two diodes (D4,D;) and R, is 1.14 + 0.5 = 1.64 V. Thus 
_ 164-0.75-0.75 _ * ы As 

Ig2 = Redeem == 0.95mA, for which Vg, is higher. For 0.75 V 

| 285 


diodes, 9 = –1.14 + 148 + 285 (0.5 + 1.14 — 2(0.75)) = —1.04 V = Vg,. This is 


not ideal, but fairly good, and certainly OK. Now for Vg rr; > Уон тті, Dı con- 
ducts excess current, causing the base of Q, to rise above ground, and Voy of the 
converter to rise above —0.75 V. In summary, for the converter, Voy = —0.75V, or 
slightly more positive, and Vg, = —1.04V to —1.14V. 


For this smaller transistor, Vgg = 0.75 at Ig = 0.5 mA, with В = 30, and Уор lowers. 
Iterate: — Уон = —0.88V. Try Уон = —0.90V. Thus Г = 250 = 22 mA. Thus Увк = 
750 + 25 In E = 0.845V, Ip = z = 0.710 mA, and Vg = 0.710 x 245 = 0.174V. Thus Voy = 0 


—.174 —.845 --1.02У, for which [50 = = = 20 mA, and Vgg = 750 + 25 In a = .842У, and Vg = 


20,245 = 0.158V. Thus Уон = -0.158 -0.842 = -41.000 V, as conjectured. Now 
NMy = н = Ин = —1.000 -(-1.205) = 0.205V. 


Assume Ugg = 0.75 at 1 mA, n = 1, and B= 100. For v, = ^к, Ig splits equally between Од and 
Ок. Using Ugg = 0.75 V, Ig (—1.32— 0.75 – — 5.2у779 = 4.02 mA. 


Thus I, = Гер = 2.01 mA, and r4 = ro; = 252.01 = 12.40. 

Iterate for the current in Оэ: 

Now, the voltage at the base of Q» is approximately ug; = — 245(2.01) = — 0.492 V. 

Assuming Ugg = 0.75 V, Ve2= — .492 – .75 = — 1242 and ig; = ( — 1.242 – — 2y50 = 15.2тА. 
For ig = 15.2 mA, Vgg = 750 = 25In(15.21) = 818 mV and ig = 15.7101 = 0.15 mA. 

Thus vg? = 0 — 245(2.01 + 0.15) — 0.818 = — 1.35V, for which ig; (2 — 1.35/50 = 130 mA, and for 


which vge2 = 750 = 251n13.0= 814 mV, and ig2= 13.0101 = 0.129 mA in which case 


Ve, = 0 — 245(2.01 + 0.129) – .814 = — 0.524 – .814 = — 1.34 V. 
Thus, ig; = 13.0 mA and г, = 2513 = 1.92 Q 

Now the load reflected to the base of Q» is (В + 1)(rz2 + 50) = 101(1.92 + 50) = 5.24 КО. 
Thus the voltage gain from y; to Vor is + (245 [| 5240у(2(12.4)) = 23424.8 = 9.44 V/V. 


For tpp, operation is likely dominated by Кт and the load capacitance | as О) cuts off. For this situa- 
tion, t = RrC,, = 50(3 + 2) х 10? = 250ps and the propagation delay to 50% of the signal swing is 
tpu, — 2501n0.5 = 173 ps. 

For їр, the situation is more complex, since Q2 conducts. At the low end, the current is 
(Ую - — 2)у50 =(— 1.77 + 2550 = 4.6 mA. 

At the middle ( = Vg), the current is (Ир – —2)502(— 1.32 + 2у50 = 13.6 mA. 
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Use an averge current = (13.6 + 4.6y2 = 49.1mA for which g,, = 9.1 х 10725 х 107) = 364 mA/V. 
&m 
2т(х + Cy) 
Ca + Cy = 364 x 10-27 x 5 х 10) = 11.6 pF, and С, = 11.6 ~ 0.1 = 11.5 pF. 

As well, for B = 100, r, = fVg,, = 100364 х 10? = 275 Q. 


The equivalent circuit is as shown: 


Now fr = and (C, + Cy) = g,/Qzsfr), for which 


2 2 pF 3 pF 
Е р Т 


еә sd m 


Now follow the general approach to follower frequency response to Section 7.6 of the Text, working 
with a basic-equivalent circuit and using the Miller approach to handling rx and Cx, with the follower 
transformation to handle rr апі CL. Here the follower voltage gain is 


С =rAVem + re) = £u'gÁl + gnrg). 
The follower current gain is (В +1). The Miller multiplier for the base-to-emitter circuit is 


tagais 1+ Бэ 
( С ёт ГЕ EmTe) 1 + ЁГЕ 


Here, 1 + g&mrg = 1 +364 x 10? х 50 = 19.2 and В + 1 = 101. Thus, in the base, we sec a resistance 
Reg = 245 (275 х 19.2) Il (50 x 101) = 245 1 5280 Il 5050 = 2240, 

and a capacitance Сш, = 0.1 + 0.1 + 11.519.2 + (2 + 3101 = 0.85рЕ. 

for which the time constant is 224 х 0.85 х 107? = 190ps and грн = — 19011(0.5) = 132 ps. 

Thus tp = (132 + 173y2 = 152 ps. 


For a fanout of 10, Cj = ЗЛО = 30 pF. For грн, the load capacitance enters the calculation directly. 
Thus ёрцц, = 17330 + 2 (3 + 2) = 1.11 ns. 


For їрүц, an additional capacitance of 9(3)101 = 0.267 pF is added to 0.85 pF to make /./2 pF for 
which /ын = 132 x 1120.85 = 174 ps. 


Thus tp = (174 + 1110у2 = 642 ps 


Here, the signal velocity = 2/3 x 0.3 = 0.2 mm/ps. For a rise time of 1.2 ns, and rise/return ratio of 6, 
wire length = 1/2 х 1.2/6 = 0.1ns, ог 100ps. A line whose end-to-end delay is 100 ps is 0.2 x 100 = 20 
mm long. Thus the longest allowed interconnect is 2 cm! 


Here, [pg = (5.2 ~ 1.32 — 0.75у779 = 4.02 mA 

Ig3 = (5.2 — 1.32)6100 = 0.656 mA 

Ig3 = (5.2 — 1.32 + 0.75 — 2(0.75))4.98 = 0.653 mA. 

Use values of about 4, 0.66 and 0.66 mA to replace Rg, R5, R3. 


Now, since Ig is constant, there is no need to make Rc, and Rc; different. Rc, should be raised to 245 
Q since the current in Rc, and Rc; is always 4 mA at its maximum. (Note that it was higher in Од в 
formerly because of Rg.) 


- 417 - 


SOLUTIONS: Chapter#14—16 


As well, since /g2 is constant, D; and D; can be removed and replaced by a direct connection. 
For the temperature effects: 


Since the bias currents are assumed to be temperature-indpendent, most changes are due directly to the 
base-emitter variation, Ó = — 2 mV/'C. 


Following Example 14.3: Directly AV, = — ô= 2mV С. 

For VoL, only the Q, variation is observed, through a voltage divider comprising re, and Rr. 

Thus AVoL = — (К, + Кт). 

Now from page 1202, [з = ( — 0.98 — 0.79 — — 2y50 = 4.6 mA, for which г„› = 254.6 = 5.43 Q. 
Thus AVo, = — 6(50(50 + 5.43) = — 0.900 = 1.8 mV /°С. 

For Voy, Ig? = 22.4 mA, reg 225224 = 1.10, 

and ДУоу = — 650(50 + 1.1) = – 0.985 = 2mV/'C. 

Variation of the midpoint is /2(AVo, + АУон) = 0( — 0.90 + 0.982 = — 0.946 = 1.9 mV/'C 
Other changes: 

, Of course, D; and D; are eliminated. 


° Кл and Rg could be replaced by current sources of about (5.2 — 1.32y50k = 80 pA. This may 
save space, although Кд and Rg can be made with very imprecise processes that may be physi- 
cally more compact than regular resistor designs (eg. using very narrow devices, or FETs). 

, Constant currents could be supplied to replace some aspects of Rr. One might consider а current 
for which (re + КоВ) = 50 Q for which r, = 5- — 2.4100 = 47.5 Q and Ig = 2547.5 = 0.53 
mA. Larger currents are a problem; certainly 22 mA is too power consuming; perhaps 4 mA 
current would be a compromise..RE 


12SECTION 14.7: BiCMOS DIGITAL CIRCUITS 
14.37 For Qp in triode-mode operation: 

ip = kp((Ugg — V,) Vsg — 00/2), and for small vps, ір = kp (Vsg — Vi) Usg, which for Uggy = Vpp = 
ыг ! = r = И2 х 400 x 107%) = 1.25kQ. - 


I 
ір kp (5-1) 4kp 2, 
For no load: Voy = 5.0V. Уор = 0.0У. For V: with К» small, so that Q2 does not conduct, V,, is 


reached with Ор, Оу both in pinchoff and sharing the same current, ie ір = V2kp(5 — Vn — 1)? = 
V2k, (V, — 19, ог K2(4 – Vn)? = ka (Vin — 1, 4— Үд = Ү2 (Vj, — 1), 2414 Vy, = 5414, whence 


5 V, results in /урр = 


Vy = I = 224V, for which ip = А (2.24 – 1)? = 0.77 k,. Now, the drop across 
Кә = ғ = T = 1.25kQ is x X 0.77k, = 0.39 V, and Q» does not turn on, as desired. 
n n 


. For a 5 КО load to 2.5 V: Assume, initially, that Voy = 5 — 0.7 = 4.3V, and Vo, = 0.7V, for which 


| l, = E = ан: directed either in or out. 
For Voy in detail: О conducts: Vsp, =v is assumed small. Now, ip, =k, (5-0-1)v- 020) 
400 -6 -6 V 
= k,/2(4 v) = — x 10° x 4v = 800 x 107° v, and rps, = —— = с = 1.25 КО. Now Кү = 
| аа 2 | ас їрр 800 x 1079 i 
1.25 kQ, as well. Now for vg = +4.3 V and Vg, = 5V, J, = 360 PA, Jp; = m = 3.6uA, and 
VBEo 522 | 
їрр 5 гу + Ів = n + 3.64A = 0.564 mA. Now it is apparent that Оз will not conduct, but 
1 . 
rather that Q, and R, in series will support the load, in which case Voy = 
5 5 — 4.17 
2.5 + ————————— (5 ~ 2.5) = A 17V, with Vgg = ———— = 0.42V. 
Teese Г 29) Е 
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5 
5-125-0.625| | DEY 


х 0.68 = 0.45 V. Now with this centred load, V,, will be that voltage for 


For Vo, in detail: Assume Q, does not conduct, but that Vg, is sustained by rpsy and Ж» in series. 
Now for small vpsy, FDSN эс = 0.625 КО. Thus Vo, = 2.5 ~ 2.5 | 


1.25 


1.25 + 0.625 
which the output voltage is centred, that is where Q, and Q, conduct equally. Thus V,, will be essen- 


tially as before, = 2.24V. 


with Vpg2 = 


See that Ору and Qyy below, form an output inverter connected in parallel with the main BiCMOS 


+ VDD For the devices specified in P14.37, 
^0 k,-2k, = 4000AW?, IV,| = 1 V, and Vpp = 

5V. Use such devices for Ору and Qyy. 

For Ору operating in the triode region, 

ір = ky {sg — Vi)Usp ~ v$p/2] 

For very small Usp, ip = k,(Ugs — V;)Vsp and 

rsp = — Usp/ip = Uk, (ugs — Ү,)) 

Here rspp = 14200 х 10'$(5 ~ 1)] = 1.25 КО. 

Check: For Usp = 0.7V, 

ip = 200 x 107805 — 1)0.7 - 0.772] = 511 pA 

г = 07/511 x 10$ = 1.37kQ, which is not too 

much larger! 

For Qwx operating in the triode region (with 

К, = 2К, ), FDSN = 1.252 2 0.625 kQ. 


Thus the output resistances are 1.25 kQ with output 
high, and 625Q with output low. 


14.39 From the introductory NOTE to Chapter 13, the corresponding minimum-size matched CMOS inverter 


has V, = — Vp = 0.6 V, „С = 100 uA/V?, Hp Cox = 40НА// with (W/L), = 1.2um0.8um and 
(W/L), = 3.0]un/0.8yun. For this design, k, = kp = 100 х 1075 х 1.20.8 = 150рА/У?. The Боду-ей ес: 
parameters are y  0.5V^, and 2Ф/ = 0.6 V. 

As implied in the specifications, all NMOS are 
minimum size and the PMOS 2.5 x wider. All 
have k = 1504A/V?. For the BJTs, Уве = 0.5 at 
the edge of conduction and 0.7 in conduction, with 
B= 50. The supply is 3.3 V. 


For Voy, VoL: For very short-term signals Voy 
and Vo, are 3.3 – 0.7 = 2.6 V and 0.7 V respec- 
tively. On a somewhat longer term, as the BJTs 
continue to conduct small currents, Voy = + 2.8V 
and VoL = 0.5 V. 


Note that as the input rises and as Qy begins to 
conduct, its source raises to 0.7У, for which 
Vi, = VsuttO + AN Vs; + 2f — 2f (from Eq. 


B x 5.30). 


+ 3.3V + 3.3V 


29 
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Here — V,, = 0.6 + 0.5] 10.7 + 0.6 — 0.6] = — 078V. Earlier, for the source at 0.5, 
Vin = 0.6 = 0.5[V0.5 + 0.6 — 10.6 = 0.74V. 


For Vin and VIL: 


Үл, will occur approximately at the point when Vg; reaches 0.5У, as Qy conducts in competition with 
Qna. First assume that Vg, does not change much in this interval. 


At Vg2 = 0.5У, 
ipg2 = kl (ves — Vr)Ups — 0552] = 150 x 1076[(3.3 — 0.6)0.5 — 0.522] = 184НА. 

For Уң, =v, 184 = 1502% — 0.5 — 0.78), v — 1.28 = [2(184150)]^ = 1.57, v = 2.85V, clearly very 
high. 

Now V, for the Ор, Ову matched inverter is 3.32 = 1.65 V where vg = 1.65 and 
ipg2 = 150 х 1076[(1.65 — 0.60.5 — 72] = 60 pA. E 

For Vj, = v, 

60 = 1502(0 — 0.5 — 0.98)? or v — 1.28 = (120150)^ = 0.89 v = 2.17 V > 1.65 У. 

Thus it is apparent that Vj; is too high, being controlled by the matched inverter. 


Now modify the design to increase the width of Q, to comparator. Use a 4x minimum device. Thus, 
repeating the last calculation but with У, =  0.74V: 60 = 4(150у2(0 – 0.74 – 0.5?, or 
v — 1.24 = (120(4(150)))^ = 0.45, whence v = 1.69V. 


Though this may be acceptable, try бх minimum Оу: 


60 = 6(150)2(v — 1.24), or v — 1.24 = CAD zc 865. whence qs dV. 


Thus Ул, = 1.61V, with О, with бх minimum width. 
For Viu: 


As estimate is when the output of the matched inverter reaches a level at which Q, and Ов» begin to 
turn on. Since at the time Vg = 0.5У to 0.7У, Vg, is at least 1.0V. 


For the matched inverter with input v 


V2150(3.3 — v — 0.6)? = 150((0—0.601 – 172, ог (27-9)/-2(0-06)-1, or 
7.29 — 5.40 + у? = 20 — 1.2 – 2, or v? — 7.40 + 10.49 = 0, or 


v =(— -74tV14* — 4(10.40)2 = (7.4 + 3.582 = 0.6, and Voy = 1.91V 
For propagation delays: 


For the output rising from | near zero, the peak current from Ор is nearly 
-ipp/2)/2(150)3.3 ~ 0.6)? = 547рһА (actually it will be slightly lower because the drain voltage must be 
high enough to cause Q to conduct, puring Qp somewhat into the triode region). Correspondingly the 
peak output current from О will be (50 + 1)(547nA) = 27.9 mA. 


For Ug at 1.65У and vg(21.65-0.7-2 2.35, Usp, = 3.3 — 2.35 = 0.95V, in which case, 
ipp (M) = 150[(3.3 — 0.6)(0.95) — 0.9522] = 318рА. 
Corresponding, the available output current from 0, is 51(318) = 16.2 mA. 


Thus the average current causing the output to rise is (16.2 + 27.92 = 22.05mA and tpzy (from vg = 
0.5V to 1.65V) is ун = 10 x 107! (1.65 — 0.5у22.05 x 10? = 0.52 ns. 


For the output falling from 2.7V, the peak current from Q, is 

ip, (Н) = V2(6)150[3.3 — 0.7 — 0.78)? = 1490p. 

Correspondingly, the current drain into 0, is 51(1490) = 76.0 mA. 

For og = 1.65У, ipy(M) = 6(150)[(3.3 — 0.7 — 0.78)(1.65 — 0.7) — (1.65 — 0.7)22] = 1.154тА. | 
Correspondingly, the current drawn from the load by О, is 51(1.154) = 58.9 mA. 
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Thus the average available current is (76.0 + 58.92 = 67.5mA , and гру (from ug = 2.8V to 1.65V) is 
нір = 10 x 107 (2.8 — 1.65y67.5 х 107 = 0.170 ns. 

Thus 2, = (0.170 + 0.52y2 = 0.345 ns 

Augmented Circuit: 


For a minimum-size matched inverter connected in parallel with this circuit, input to input, and output 
to output, the long-term values of Voy and Vo, become — 3.3V and 0.0V respectively. On the short 
term, values of 2.6V and 0.7V would be expected. 


For full-swing output; the BJTs bring the output to within 0.7V of the supplies, and the matched 
inverter drives it to the full swing. At the very end of the range over which the BJT operates, (Usp) of 
Ор is zero and the drive current is zero. Thus for the last half of the rising edge, the average current is 
(0 + 16.2y2 = 8.1 mA and the rise from 1.65 to (3.3 — 0.7) = 2.6, (by 0.95 V) takes about 


тїн? = 10 x 107!2(0.95у8.1 х 10? = 1.17 ns. Finally, the current from the inverter at 0.7V from the 
3.3 V supply is 150[(3.3 — 0.6)(0.7) – 0.772] = 247A, and at 0.2V from the supply is 
150[(3.3 — 0.6)0.2 — 0.272] = 78pA. 


Thus the average current is (247 + 78y2 = 1634A. Time taken is 
trey, = 10 х 107!2(0.7 — 0.2Y163 x 1075 = 123 ns. 


Now, the first part of the transition from 0.5 V to 1.65 V, гун is calculated above аз іру = 0.52ns. 
Thus, troy = tru, + frLH2 + treya = 0.52 1.17 + 123 = 125 ns. 


Correspondingly, the fall time is dominated by the final half-volt change. Thus t7y, = 125 ns, as well. 


For short-duration signals, Voy = 3.3 — 0.7 = 2.6V. For longer signals Voy = 3.3V. For all signals 
VoL = OV. 

For їрїн: 

For Vg = 0, ipX(L) = V2(1002.5)2.5)(3.3 — 0.6)(1.20.8) = 5474A . 


2 
For vg = 1.65V, (М) = 150[(3.3 — 0.6)(1.65) — 1) = 469A. 


Thus ip4(AV) = (547 + 469y2 = 508uA, and the average current available to the load capacitor is 
51(508) = 25.9mA. 

Thus ѓур = 10 x 107!2(1.65у25.9 х 107 = 0.64 ns. 

For tpyz: | 

For ug = 3.3V or 2.6V, ip4(N) = V2(100)(1.20.8)(B)(3.3 — 0.6)? = 1/2(150)(50)(2.72) = 27.3mA . 

For Ug = 1.65, їр4(М) = 150(50)[(3.3 — 0.6)(1.65) — 1.6572] = 23.1тА. 

Now, ip4(AV) = (27.3 + 23.1y2 = 25.2mA , and for a fall from 3.3V, 

ри, = 10 x 107'2(3.3 — 1.65y25.2 х 10? = 0.65 ns. 

Thus we see that the propagation delays are well-matched through the use of a very large MOS device. 


For the supply current at Vg = Vpp/2, current I in Q4 in igs= (I —ip3yY51, ig, = 1/50, and 
ip? = 1/50 + (I — ірзу51. 


But ip3 = ip?. Thus ip; = 1/50 + [41 — 15251, ip2(52/51) = GEL. whence 
TS E + = | = 0.0391, ip, = 1/50 = 0.0201 and ір. = 0.0390.020 = 1.94, and їр; = 1.94ipi. 


Assuming Q, and Q, are in saturation, and 1) = v, where 
ip? = V2(150)(3.3 — v — 0.6)? = 1.94ip, = 1.94(V2)(150)(v — 0.6). 
Thus, 1.94(2.7 — vy? = (v — 0.6), Y1.94(2.7 — V) = + (v - 0.6), and 3.76 — 1.390 = + (v — 0.6). 
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For the + choice: Now 2.390 = 4.36 (the other choice leading to a non-physical result). 
Thus v = 4.362.39 = 1.82V. 

Now for 0; = 1.82У, ip4 = 1/2(150)(50)(1.82 — 0.6? = 5.6 mA. 

Thus the supply current is 5.6 mA 


14.41 A two-input BICMOS NOR is as shown: 


For (W/L)y =(W/L)p in the prototype inverter, here (W/L)p, = (W/L)pg = 2(W/L)p and 
(W/L )мд = (W/L)ug = (W/L)y. Since the inverter prototype uses equal-sized devices and 1, = 29, in 
the NOR circuit, the NMOS have k, = k, and the PMOS, k, = 24/2 =k. 


Chose A low for simplicity (keeping Орд in tje triode mode). 


At Vy, Vg = Vy = Vy, = v and the voltage across Орд is Va. The current in all З devices Орд, Орд ad 
Ong, is the same, i. Assume the voltage drops across Кү and К» are each 0.7V, raising the lower end 
of Qng, but otherwise having no effect. 


For Орд, i = k[(5 — 1)0, — 042] - - - (1). 

For Орд, i = k/2(5- 0 ~ Va — 1? – – – (2). 

For Ong, i = kK2(0 — 0.7 - 1? — — — (3). 

From (2), (3), (0— 1.7) = (4 — v - $4), whence v, = 5.7 — 2v — — - (4). 


(Check: o S 5.7/2 = 2.85 (seems OK)} 

Substitute (4) in (1), and use (3) for i: 

i = k2(v — 1.7) = k[4(5.7 — 2v) — (5.7 — 20)2], 

02 — 3.4 = 2.89 = 45.6 — 16v — 32.49 = 22.80 – 410, | 

50? — 10.20 – 9.81 = 0 

whence v = (+ 10.2 + \10.52— 4(5)( — 9.81)25) = (10.2 + 17.310 = 2.75V 

and from (4), 0, = 5.7 — 2(2.75) = 0.20V. 

One (reasonable approach to designing this circuit, now, would be to first establish the value for k (pos- 
sibly using minimum-size NMOS, as the original inverter specification implied), then finding i, then 
selecting Ку — К to remove a suitable fraction (say 10 to 20%) from each transistor base. You might 
try this for interest!! 
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SECTION 14.8: GALLIUM ARSENIDE DIGITAL CIRCUITS 
14.42 For the load MESFET reduced in width from биш to 5m: Vpp = 1.5V, Үр = -IV, Vg = 02V, В = 


14.43 


10*A/V? per um, А = 0.1V^!. For the input device, W = 501m and B; = 5mA/V?. For the load dev- 
ісе, W = Sum and В; = 0.5mA/V?. Voy = ОЛУ. 

For Vo, 2v: 5x10? [2 (0.7 -02 v – v7] (1 + 0.1 v) = 0.5 x 10? [0 — 1 (CD? (1 + 0.1 (1.5 — v), 
10 (2 (0.5) v – v?) (1 + 0.1 v) = (D (1 + 0.15 — 0.1 v), or (10 v – 02) (1 + 0.19)» 1.15 -0.1 v, 
10 v — 102 + 1 v? — 0.1 v = 1.15 — 0.1 v, 0.1 v — 10.1 v + 1.15 = 0, and v? — 101 v + 11.5 = 0. 
For v small, v = 11.5/101 = 0.114V. Thus Уор = 0.114V. 

For Уп, =v: 5x 10? (о — 0.2)? (1 + 0.1 (0.7)) = 0.5 x 10° [2 (1) (1.5 — 0.7) - (1.5 – 0.7?] (1 + 0.1 
(15-07), or 10 (v — 0.2)? (1 + .07) = 1 [2 (0.8) – .8?] [1.08], v? – .4 v + .04 = .0969, v? —4 v — 

--4Ж4354-4(-. 4+. 
Que) == ы М OY ИЙЕ. с ШТ OV. Conclude: 22 


0.51V. 
For Ун = v: О; in triode, Q; in saturation, 5 x 107° [2 (v — 0.2) vg – và] [1 + 0.1 00] = 0.5 x 107 


(0— — 1)? (1 + 0.1 (1.5 – vg)). Now, neglecting terms in 0.1 ug, 2 (v — 0.2) vg — v2) = 0.1 (1 + 


1) av 
15), 02 - 2 0 vo + 0.4 vo + .11520—— — (1). Now M LN Riad - - 2000 
Ja 3» д^ до д^ 
+ 0.4 T + .115 = 0, which for - = — 1, becomes —2 vg + 2v – 200 —4 + .115 = 0, 2v = 400 
+ 0.285, 0 = 200 + 0.1425 - — — (2). 


Substituting (2) in (1) — 02 ~ 200 (200 + 0.1425) + 0.4 vg + 0.115 = 0, vå - 4 05 - 
= Ч 2 dq 

= 0,-3 05 — 115 vg + .115 = 0, Vå + .0383 vo — .0383 = 0, Vo = DURO eee 

= 2:0383 + 3933 L (руту, whence Ин = v = 2 (177) + .1425 = 0.497V. Now NMy = Von — Vin 


0.700 —.497 = 0.203V, and ММ; = Viz — VoL = 0.510 — .114 = 0.396V. 


From P13.45: B; = 5mA/V?; B; = 0.5mA/V?. 


Output High: Ipp = 0.5mA/V? [2 (0 — — 1) (1.5 – 0.7) - (1.5 — 0.7)?] [1 + 0.1 (1.5 – 0.7)] = 0.5 [2 
(0.8) — 0.87] [1 + .08] = 0.5184mA. 


Output Low: (Мор = 0.114V) Q; in saturation, Ipp = 0.5 x 10? (0 — — 1)? (1 + 0.1 (1.5 – .114) = 


aa = 0.544mA. Average static power + 1.5 (.574) = 


0.5693mA. Thus average current = 
0.816mW. 

Vou + V 
For tpuL: Need to calculate the time to fall from Voy to — that is, from 0.7 to LLL = 
0.407У. For i; at Vg = 0.7, Qi is in saturation (with vgs = 0.7V), ij = 5 x 10? (0.7 — 0.2)? (1 + 0.1 
(0.7)) = 1.38mA. For i; at Vg = 0.407, Q; is nearly in saturation (with 0с; = 0.7V), ij = 5 x 107 


(0.70 — 0.2)? (1 + 0.1 (0.41)) = 1.30mA. Also i, at Vg = 0.7V is 0.518mA, and i, at og = .114V is 
.569 — .518 


0.569mA, and (probably) i, = .518 + —————— = 0.544mA, at Vg = 0.407. The discharge current = 

Р 2 
1.38 — .518 + 1.30 — .544 CV 30x 107 x (0.70 — .407) 
= 0.809mA, and /, = —— = 10.9ps. 

2 | pug .809 x 107° Ё 

For tgp: At og = .114V, ij, = .569mA. At Vo = 0407 V, tp = 0.544mA. Thus the charging current = 
po = 0.556mA, and ын = olde RA ыт = 15.8ps. Thus, overall, £, = 
15.8 + 10.9 nop 
——— = 13.4ps. 


2 
Dynamic Power at 2GHz: Pp = 30 x 107 x (0.70 — .114) (2 x 10°) = 3524W. Total power 
35.2UW + 816ДУ/ = 8514 W. Delay-power product DP = 851 x 10% x 13.4 x 107? = 0.011pJ. 
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SOLUTIONS: Chapter#14—22 


14.44 For the nominal design, Bs = 10 x 20 = 2mA/V?, B, = 2mA/V?, Brp = 107 x 10 = 1тА/У?, Vp = 
-0.9У, А = 0V^l, Vpp = ЗУ, Vss = 2V, Vp = 0.7V. From Fig. 13.54 of the Text, for the nominal 
design, Vou = 0.7V, VoL = —1.27У, Үп, = —0.26V, Viu = —0.16V, NMy = 0.86V, NM, = 1V. 


(a) 


(b) 


(c) 


For Үр = —0.8V, Уон = 0.7V. 

For Viz, is = i, — ipp, ipp = 1 (0 — — 0.8)? = .64mA, i, = 2 (0 — — 0.8)? = 1.28mA, is = 1.28 — 
0.64 = 0.64 mA. Thus, 0.64 = 2 (о — — 0.8), v + 0.8 = Y.642 =.566, v = .566 — 0.8 = 
-0.234У. Thus, Ул, = —0.234V. 

For VoL, ipp = .64mA, i, = 1.28mA, is = 1.28 — 0.64 = 0.64mA. But v; = 0.7V with Qs in 
triode mode, with ру = Vo, 0.64 = 2 [2 (0.7 — — 0.8) (vo) — và], 0.32 = Зоо — và, và – Зоо 
+ 0.32 = 0, 


34732 
vo =- SEAIN] =0.111V. Thus, Уор = 0.111 — 0.7 -0.7 = —1.29У. 
For Мн = %: 2 above, but with input v (rather than 0.7V), see 0.64 = 2 [2 (v — - 0.8) 
Vo — và], 0.32 = 2 (v + 0.8) Vg — và, or và — 2 (v + 0.8) vo + 0.32 = 0 — — - (1). | -»2 
9 Vo 9 Ug д Мо 
Ug — 2 (v + 0.8) mo к. = 0. Now, for 3v = 1, — 20g +2 (v + 0.8) – 20g = 0, 
20 = 400 — 1.6, ^ = 200 — 0.8 — — — (2). | 


Substituting (2) in (1), 02 — 2 (2%д) + .32 = 0, 305 = .32, ug = (.32/3)^ = 0.327V, v = 2 (.327) 
— 0.8 = — 0.146V. Thus, Ин = —146V. Now NMy = Voy — Vin = 0.7 — —.146 = 0.85V, NM, 
= Үп, = VoL = — 234 – –1.29У = 1.06V. 

For ай Vip = —1.0V, Voy = 0.7V. 

For Viz: ip, = 1 (0 - – 1.0)? = 1mA, i, = 2 (0 – – 1.0)? = 2mA, is =2-1=1mA. Now 1 = 
2 (0 — — 1.0}, v = Y 12-1 = — 0.293V, and Ул, = –0.293У. 


For VoL = vo — 14: 1.0 = 2 [2 (0.7 — – 1) (оо) – và], 0.5 = 3.4 vo — 00, 06 — 3.4 vo + 0.5 
—3.4 € У 3.4? — 4 (0.5) 


= 0, and vg иигэжэ VoL = 0.308 — 1.4 = —1.09V. 

For Viz 29,122[2 ша, хун амлан» – 05, VG – 2 (0 + 1) V9 + 0.5 = 0 
Se), a -» 2 vo йн -2 (v + 1) ——- -2 (оо) = 0. Now, for — = —l,-2Ug + 
20 + 2— 200 = 0, 20 = 49g — 2, V = 2Ug E ANNOS 

Substituting (2) in (1), 00 — 2 (20g) Vo + 0.5 = 0, og = (0.5/3)^ = .408V, 022 (.408) – 1 = - 
.184V, Viz = —0.184V. Now, NMy = 0.7 — — .184 = 0.88V, and NM, = — .293 – -1.09 = 


0.80V. 

For W, = 2Wep = 5um, Bs = 10 x 20 = 2mA/V?, В; = 10% х 5 = 0.5тА/У?, Вр = 1077 x 5/2 
= 25mA/V?, Ур = —0.9V, А = OV, Vpp = ЗУ, Vss = 2V. See Voy = 0.7V. 

For Үл, =v: ЇРр = 0.25 (0 = 9) = = .2025mA, 7) = s (0 == 9) = = .4056mA, ls = 405 — 

2025 = 2025mA. Now 0.2025 = 2 (v – -0.9), v 2202 25 y — 0.9 = —.582V, Vj; = —0.582У. 


3.2 : Y322-4 (.10125) 


For VoL = Vo: Vå — 3.200 + .10125 = 0, vo = с 0.032У, VoL = 
.032 — 1.4 = -1.37V. | 

For Vin =, De -212(0- prd Vo — và, và — 2 (v + 0.9) vg + .10125 = 0 — — — (1). 

o Ug 
33 — 200 e -2 (v + 0.9) AGN = 0. Now for jv = —1 > -2vg + 20+ 1.8 
-20о0 = 0, v = 2200 eee 
10125 AL 

Substituting (2) in (1), ud — 2 Quo) vo + .10125 = 0, vo = (7—.——)^ = 0.184V, v = 2 (.184 – 


0.9) = —532V, Ин = —0.532V. Now, ММн = Мон — Vin = 07 — —.532 = 1. 23V, and NM; = 
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SOLUTIONS: Chapter#14—23 


Уп, — VoL = —582 — -1.37 = 0.79V. 


13.45 Use Ур = —0.9V for all devices, and use Ws = W, = 20pm, апа Ирр = 10um for easy equivalence to 


the FL design. However, actually, since Qpp is the load presented by each gate, and since the loading 
of the Qpp drain is very light (the gate of Qs), then Qpp can be made much smaller. For a fanout of 4, 
reduce the width of Орр to 2.5 um or less. Bs = Br = 20 x 107 = 2mA/V?, Bpp = 10 x 107* = 
ImA/V?, Vp = 0.7V. For the FL gate, Уон = 0.7V, Vy, = —0.26V, Viy = -0.16У, Vo = —1.27У. At 
the gate of Qs of the connected circuit, 00 = 0.7V, Voy = 0.7 + 0.7 + 0.7 = 2.1V, with a fanout of 1! 
Vor = —1.27 + 2 (0.7) = 0.13V, or lower with a fanout > 1. Ул, = -0.26V + 1.4V = 1.14V, Vi = 
-.16У + 1.4V = 1.24V. Thus, NMy = 2.10 — 1.24 = 0.86V, NM, = 1.14 — .13 = 1.01V. For a design 
in which Ирр is reduced to 2.5m, these results are an approximation for а fanout of 4. For a fanout 
of 1, Уор, increases, as do Уу and Vj; slightly. 
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РАКТ Ш 
ANSWERS 


pages 427 to 458 


1.1 
1.2 


1.3 


1.4 
1.5 
1.6 
1.7 
1.8 


1.9 
1.10 
1.11 
1.12 
1.13 
1.14 


1.15 
1.16 
1.17 
1.18 
1.19 
1.20 
1.21 
1.22 
1.23 
1.24 


1.25 


1.26 
1.27 
1.28 


Chapter 1 
INTRODUCTION TO ELECTRONICS 


See pages 132 and 134 for sketches. 


377 rad/s, 120 Hz, 400 Hz, 6.35 х 10° rad/s, 611 x 106 rad/s, 6.28 rad/s, 60 Hz, 0.159 Hz, 62.8 x 10? 
rad/s, 25.1 x 10!! rad/s. 


1.67 х 10725, 16.7 ms; 8.33 х 1073s, 8.33 ms; 2.50 x 10775, 2.50 ms; 9.90 x 10775, 990 ns; 1.03 х 1078s, 
10.3 ns; 1.00 s, 1.00 s; 1.67 x 107% 1.67 ms; 6.29 s, 6.29 s; 1.00 х 10:58, 1.00 ns; 2.50 х 1012$, 2.50 
Ё 


ps. 

7.01 ps. 

a) 1 times, 1 times; b) 30 times, 50 times; c) 10 times, 1/500 times. 
4.05%; 1.89%. See page 200 for square-wave recompositions. 
Between 5 kHz and 6 kHz. 


a) 2.82 Vpp square wave; b) 2.82 Vpp square wave; c) 2 Vpp square wave; d) sequence of positive and 
negative pulses of amplitude 1.41 V, width 1/4 f, spaced 1/4 f apart; dc level of 1.41 V. 


6 bits; 000000, 000111, 001111, 011111, 100001; 63. 

4 bits; 0000, 0100, 0111, 1110; 30. 

a) 180, 52; b) — 76, 52. 

a) 45, 173; b) 45, — 83; c) 45, — 45. 

11112 = 31,9, 0000, = 019; 13; 1.219 V; 2.906 V; 0.09375 V; 1.03125; 01011». 


b) 1 mA, 20 mW, 2 х 10°pA, 20 uW, 1 mA, 0.5 mW, 0.05 V/mV, 34 dB, 0.5 х 10? mA/LHA, —6 dB, 
0.025 mW/LW, 14 dB, 2.5%; с) 0.05 mA, 0.05 mA, 1 mW, 100 mV, 50 uW, 2 V, 0.2 КО, 0.02 V/mV, 
26 dB, 0.01 mA/LA, 20 dB, 0.2 mW/uW, 23 dB; d) 10 mA, 10 mA, 14.1 mV, 1.41 x 10? pA, 2.82 V, 
28.2 mA, 0.1 kQ, 46 dB, 0.02 mA/LA, 26 dB, 4 mW/AW, 36 dB, 20%; e) 3.1 х 10? mA, 3.1 x 10? 
mA, 0.01 V/mV, 20 dB, 0.01 тА/А, 20 dB, 20 dB. 


140 mVp. 

5.66 Vrms, -1 V, — 20 mV. 

3.125%. 

0.598 V, 5 V, 0.613 V, 1.89 Vp, —97.8 V/V. 

430 Q, 53.8 V/V. 

2.0 КО. 

Ayo = 1+R,/R;. | 

АА, 12.5 V/V, 0.05 V/V, 0.5 V/V, double the gain. 

0.99 х 10* V/V, 0.5 х 10° V/V, 9.99 V/V, 1 A/V. 

a) 0.066 V/V, 0.178 V/V, 0.016 V/V; b) 1, 2 or 3, 3 or 2; 3, 2, 1; 2, 1, 3; с) AyA2, А43; d) 30.3 V/V 
for А А. 

9 amplifier pairs: (2,1): 24752 V/V; (1,1): 4901 V/V; (1,2), (1,3): 4541 V/V; (2,2), (2,3), (3,2), (3,3): 
4132 V/V; (3,1): 2500 V/V. 


A, Аз, А2; 4132 АЈА. 
10 A/V, 107! A/V, 107? A/V; FM2 = gu К, R5 Аз, А, A1. 
200 mA/mA, 40 mA/V. 
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ANSWERS -2 


оор = МІ + ИВ + DR] =rAre + Re), К = В+ 1) = re. 

оь = — OR Ar, + Re), where re = r B+ 1); Row = оо. 

Ves = [+ (B+ ОК, Еу + гу + (B+ IR) x ЕВ + DRZGs + (В + Dr]; Rs гд + (B+ DR. 
2000 V/V, 72 ° lagging. 

100 kHz, 80 kHz. 

high-pass output, low-pass output. 

7.27 kHz, 80 MHz, 12.6 kHz. 

I/(RC) rad/s, 0.0644/(RC) rad/s, k = 0.25. 


60 dB, 0 dB, —20 dB, 40 dB; 60 dB, 0 dB, —3 dB, 57 dB; 60 dB, 0 dB, 0 dB, 60 dB; 60 dB, 0 dB, 0 dB, 
60 dB; 60 dB, —3 dB, 0 dB, 57 dB; 60 dB, —20 dB, 0 dB, 40 dB; 10° Hz; from 100 Hz to 10* Hz. 


10 Hz, 10? Hz, 10? V/V; The standard form is more straightforward. 

Ay = RAR, + Ri] х GíR,, Oy = IRC); 155 V/V; GB = 100(R,C) for large I, independent of I; 15.9 
V/V, 126 mA. 

59.5 V/V; 119 pf, 6.8 nF; 47.6 V/V; 39.304 kHz to 40.708 kHz; 1.404 kHz. 
[RCs—1] / [RCs + 1]. 

0.5 V, 3.5 V, 2.35 V, 2.65 V, 0.85 V, 1.85 V; 0.3 V; 0.55 V, 1.55 V; 2.0 V. 
5.0 V, 0.286 V, 23.6 mW, 0 mW, 4.17 V, 13.9 mW. 

0.0 V, 5.0 V, 0 mW; 49.5 mV, 4.95 V, 4.95 mW. 

250 Q, 250 Q; 0.0 V, – 1.0 V; 0.5 V; 20 mW; No. 

25 mW; 1.15 ns, 1.15 ns; 0.35 ns. 

0.0 V, 3.0 V, 0 mW; 29.7 mV, 2.97 V, 1.78 mW. 

- ] V, 0 V, 1.73 ns, 1.73 ns, 0.52, ns, 0.52 ns, 20 mW, 1.2 mW, 21.2 mW. 
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Chapter 2 
OPERATIONAL AMPLIFIERS 


2 op amps, no pins unused; 4 op amps, no pins unused. 

- 300 рУ, 100.3 mV. 

0.35 V. 

- 10 V/V, – 0.1 V/V. 

— 1 V, 1077A (from ground), — 1.002 V. 

2 solutions: a) 100 kQ; b) 50 КО. 

R,= 22КО. 

Use Ку = 100 kQ with R? = 2 MQ, using two 1 MQ resistors in series. Other options are discussed. 
a) — 10 V/V, — 0.1 V/V; b) — 9.009 V/V, — 0.0989 V/V. 
909 V/V, 10* V/V. 

К; = КДІ+А); С =ARAR, + Rj). 

1.010 КО, — 96.8 V/V, 98.8 КО, 100 КО, — 1.2%, 8.77 КО. 


Ку = 100КО,К,- IMQ, Кз = SOkQ, А = IMQ. 
R,- IMQ in series with 1МО, К, = 1МО, Аз = 2.5kQ, К. = 1МО. 
К, = К» = R4 = IMQ., R3 = 100k QI 00k Q. 


Vo = -(R4,7/R3)05, Vo = -(R2/ R21 + R4/ Ra + R4/ Кууо, — (R4/ Кэ)02 


Vo (s)/ uj (s) = -(Ro/ RC + К,С,,5)/(14 К:С,5), independent of frequency if КС = КС»; а)— 10 
V/V, independent of frequency; b) — 100 (1 + 5 / 100) / (1 + 5 / 10); с) – 1 (14 s/ 100) / (1 + 5 / 1000). 


Negative-going ramp of slope 1000 V/s, falling from 10 V to O V in 10 ms. 

An inverted sine-wave of 26.5 mV peak lagging by 90°. | 
Input falls at a rate of 200 V/s; for the rise, ug = — 5 V; for the fall, vg = +5 У. 
See pages 163 and 164: a) — 10 V, 0.1 ms, +1 V; b) 5 V, 0.1 ms, ОУ. 

Use Ку = 30kQ, К = 15kQ, Кз = 10 КО, Ry = 30kQ. 


See pages 164 and 165: two op amps with R; = 20kQ, К = 10kQ, Кз = 15kQ, Кл = 30kQ, К; = 
10КО, Rg = 10kQ, with a total resistance of 95kQ. | 


t 
оо = Ур-1000 | m }+209(t) la. 
11 V/V, 1.10 V/V. 
See page 166. | 
R, = R4= 20kQ, Кз = Кз 10КО, R; = ЗОКО. 
R,=R2= 10КО, R3= К, = 100 kQ. This configuration, with К/К, = КҮК, is called a difference 
amplifier. 
G = 0.909 V/V; Ri = 90kQ, К, = 10kQ. 
20kQ to the — 10 V supply from the op amp negative input, with R = 2.22kQ. 
See page 169: Ri = 10КО,К»= 20КО: total power = 367.5 mW. 
Gain = — 10 V/V. 


Gain = — 5 V/V; Remove R, and К» and connect sources directly, or make R = R4 = 200kQ; Add ап 
additional 2kQ resistor in series with К» and Кз, or change R4 to 180kQ. 
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Vo = —X(RZR y)roy( HERZR 1) / (HER YR а) + 031+ R ZR 1) 7 (14К КЗ); Vo = (КУК 02-01) + 03. 

a) 5 У, 5) 5 У, с) 0 V; a) 5 У, b) 5 У, с) 0 У. 

For Ri = 10КО,К,- 45kQ, and for Кз = 10kQ, Ка = 100kQ; og, = 5.4 V, Do2 = 4.5 V. 

Ri = R4 — ККЗ R5; Uy/ów = 17(1 — (RZRQ)RAZR3)), vyw = (1+ КУК) / (1 + (КУК у) / (4R3); 
а) Кз, – 1 V/V, – 2 V/V; 0)00, e, о; c) – Ку2, 2 V/V, 4 VIN. 

Iy = UR, Ry = оо; i2 = OR ; ZR, 1/5СК, RC, I/RC. 

30 V/V, 0.075 V/V; CMRR = 400 V/V, or 52 dB. 

10 Vpp. 

10 Hz, 100 V/V. 

0.909 MHz, 1.00 MHz, 90.9 kHz, 100 kHz. 

10? V/V for a single amplifier; 4.14x10? V/V for two stages in cascade. 

— 100 V/V, 30 kHz, 6 MHz. 

4.55 MHz. 

1.6 V. 

0.83 MHz. 

V, = SR/2nf,), 0.64 Vpeak. 

0.40 mV. 

0.40 V; Use Аз = 100 kQ for which vg = 0.13 V; For case a), bias current dominates; For case b), 
offset voltage dominates. For each effect halved, the output offset becomes 0.25 V and 0.08 V respec- 
tively. | 

a) 0.3 V; b) 0.03 V, with 10 MQ to compensate. 

R= 15 КО, R4, = 15 KQ. 

a) 3.22 s, b) 9.09 s; 10 kQ, longer by perhaps 10x, nothing happens; 2.1 V. 


101 V/V, 1.19 ВА, Vos = 3.7 mV, Ios = 0.22 НА, 1.41 V; Reduce resistors to 1 КО and 100 kQ, and 
use 10 kQ in series with the positive input; 22 mV. 
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Chapter 3 
DIODES 


a) 0 V, 5 mA; b) — 5 V, 10 mA; c) – 10 У, 10 mA; d) У, 5 mA; e) 5 V, О mA; f) 5 У, O mA. 

a) 5 V, logic OR (in positive logic), logic AND (in negative logic); b) 0 V, OR (in positive logic), AND 
(in negative logic); c) 5 V, AND (in positive logic), OR (in negative logic); d) O V, AND (in positive 
logic), OR (in negative logic); e) 0 V, AND (in positive logic), OR (in negative logic). 

Y = AE + BC +D in positive logic, 5 V. 

82.8 mA, 13.5 mA, 49.5 mA, 6.2 mA. 

5 mA, 3 mA, 1 mA, 1 mA, 0 V. 

n = 2.00, Is = 832x107". 

0.758 V, 9.95 mA. 

0.355 V, 9.2 mV. 

0.445 V. 

128 nA, 181 nA. 

Ppo = 10", про = 10". 

1.6 x 10°carriers/em? at 200 °C, 1.5 х 10'9carriers/cm? at 300 °C, 5.2 x 10'*carriers/em? at 400 °C; 
(3.5 x 109)96: 1 in 10". 

a) 2.3 x 10°Q cm and 6.59 Q cm; b) 1.73 Q cm and 1.73 Q cm. 

Larger in the lighter-doped p region, by ten times. 

a) 0.307 шп, 154 nm, 154 nm; 0.665 pC, 0.665 pC; b) 0.405 um, 0.368 um, 0.037 иш, 0.504 pC, 0.504 
рС. 


"d Na + Np 
119 fF; 1.89 fF at 10.5 V, 90.6 fF at 100 V; b) 0.50 pC at 0 V, 1.97 pC at 10 V, 1.97 at 11 V; 90.1 fF, 
90.0 fF; 143 fF at 10.5 V, 68.7 fF at 100 V. 
0.1 pF. 
Vo = 0.71 V, Cjo = 15.4 pF, Cj = 15.4 pF. 
0.42 mA, 4.2 mA. 
1 um, 2.3 um. 
15 = 60 x 10 "A. 
+ 19.4% / °C. 
holes: 85.%, 0.895 pC; electrons: 10.5%, 0.210 pC; 1.1 ns, 4 pF. 
50 ps; same; 50 fC, 0.5 pC. 
Cy = TI / (nvr). 
a) 0.75 V, 2.5 mA; b) 0.73 V, 1.7 mA; c) 0.74 V, 1.8 mA. 
0.741 V, 2.59 mA. 
0.708 V, 2.92 mA. 
0.723 V, 2.73 mA; 0.750 V, 2.5 mA. 


А 
ММ 
"EY. | zc Су 2 ; a) 0.67 pC at 0 V, 2.60 pC at 10 V, 2.72 pC at 11 V; 119 fF, 
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a) 0.7 V, 1 mA; b) 0.675 V, 1.25 mA; c) 0.701 V, 0.91 mA; d) 0.750 V, 0.50 mA. 
6002 

4.04 V. 

0.752 V. 


At 0.1 mA, r= 5002; At 10 mA, r = 5Q; The geometric mean is likely to be best; (гү + r2/2 = 
252.5Q, (ге) = 500; At 5.05 mA, r = 9.90. At 1 mA, r = 500. The arithmetic mean is clearly 
not very relevant! 


25Q; 1 mA in each; 50 Q; 25 Q; This demonstrates that diode incremental resistance is independent of 
diode junction size. 


0.005 V/V, 0.05 V/V, 0.33 V/V, 0.83 V/V. 

Currents split equally; Thus all diode currents are equal; Rr = 100Л, At 10 mA, vug/osg =, 0.999 V/V; 

At 1 LA, VpWs = 0.0909 V/V; Linearity is critical for small currents; Us is limited to 22 mVpeak for 
= 1 pA. | 

+ 40 mV, or x 1%; — 50 mV, or — 1.25%; Combined as — 90 mV, or — 2.2596; 3.91 V. 

Cjo = 1.99 pF, Vo= 0.70 V, m = 1.10, n = 2.0, tr = 300 ps, Ст = 64 pF. 

10 Q, 30 pF, 40 pF, 70 pF, 1 pF. 

6.70 V, 6.7 V, 11.3 mA, 7.9 V. 

90.9 mV/V, — 18.2 mV/mA. 

1500, 6.57 V, 7.19 V. 

270Q, 15.39 V, 296 mW. 

10.6 V; Conduction for one-half cycle, or more precisely, 48% of a cycle; 3.60 V, 11.3 V; 9.97 V, 

3.06 V. | 

See page 188: 2.40 V. 

See page 188: 152.7 mA. 

See page 189: 15.57 V, 0.876 ms, 9.40 V, 16.3 V. 

16.3 У dc output; 33.2 V PIV. 

41.7 uF, 167 pF, 28.8 mA, 81.8 mA. 

20.9 uF, 83.4 pF, 14.4 mA, 40.9 mA, 332 V. 

Use an 18.2 V rms centre-tapped secondary, 2500 uF, 25.1 V, 2.78 A. 

ip(Av) =, 1.054, Vg = 182 V; With a source resistance, the output drops by 0.3 V or 1.6% to 17.9 V 

on average. 

43.0 V for 6.0 V input; — 3.0 V for — 6.0 V input; K = 0.5 V/V; 0.9 mA. 

See page 192. 


9.1 Vpp, 3139. 


For light load, the output is a square wave of period Т going from + 0.5 V to — 89.5 V; As К reduces, 
the negative side rises toward ground. For RC = 2T, the waveform rises initially to 0.7 V, then drops to 
0.55 V, then falls to — 89.5 V, then reduces to — 69.7 V, then rises to 0.7 V to begin a new cycle. 


198.6 V, 193.6 V, 19.9 mA. 

See page 194: 50 V, 75 V, 87.5 V, 96.9 V, 99.8 V. 
88.4 V using 0.7 V diodes. 

n = 1.216, 5.18 x 10A, 17 mQ. 

334 mV, 880 mV. 


- 432 - 


3.64 
3.65 
3.66 
3.67 
3.68 
3.69 
3.70 
3.71 


696 mV, 823 mV. 

59.1 pF, 23.6 pF, 7.1 pF, 59.1 pF. 

70 uA, 98.7 WA; 1.5 nA, 1.54 uA. 

1.40 V, 0.35 V; See page 195. 

0 V; vo rises’ 70 mV. 

1.59 W; 36 series diodes (cells); л = 2; 0.6 mA. 
19 mW; 15.7 mA, 1.91 V; 453 0, 287 О. 
Solar-cell mode; 30 НА to 80 НА; See page 198. 


i 
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Chapter 4 
BIPOLAR JUNCTION TRANSISTORS (BJTs) 


(1) npn, active; (2) npn, cutoff; (3) pnp, cutoff; (4) pnp, saturated; (5) pnp, cutoff; (6) npn, saturated. 

4 modes; EBJ Reverse, CBJ Forward. 

27.5ст 5 , 1.39 х 10*W ит? (for W is um); 2.78 х 104um?. 

1.38 x 1071A , 200 mA, 578 mV, 1.66 x 109A, 275 mV. 

npo = 2250/ cm?, ny (0) = 3.25 x 10 7cm?; For W= 1 pm: I, = – 0.43 mA, Is = 3.07 x 107!6A , 
ig = 0.44 mA, B = 368, с = 0.997; For W = 0.1нт: I, = — 4.43 mA, Is = 3.07 x 107164, ig = 4.44 
mA, В = 6807, a= 0.9999. 

0.469 иш, 0.288 um. 

5.11 x 107'7A, 403x, 4.03 mA, 29.8 mA. 

I; = 1.03 x 107A, Is / = 1.04 x 1075А,1,/0 = 7.73 х 10A; а = 0.993, В = 133.3. 

D from 125 to 375; œ from 0.9920 to 09973. 

1.46 pC, 87.3 ns. 

Эсв2 0 V, ucgZ 700 mV; Ig = 6991x105 A, В = 100, ig = 10.1 mA. 

b) 20 НА, 1.02 mA, 0.980; с) 1.96 mA, 40 НА, 49; d) 1.99 mA, 2.00 mA, 199; e) 100 mA, 10 mA, | 
0.909; f) 1 mA, 1.001 mA, 0.999 mA. 
See page 204: aig or Вів. 

0.47 V, 0.24 V. 

10 nA, 1.28 pA. 

0.01. 

0.390 mA, 0.429 mA, 676 mV. 

99, 1.46 A. 


a) Ig at 1 mA; Vg from — 0.6 V to — 0.8 V; Ic from 0.909 mA to 0.997 mA; b) Vc from 5.45 V to 5.02 
V; Vg has no effect on /c or Vc; c) Re = 10 kQ. 


ic = Q(I*i,) = 1.1 mA for high beta, and 1 mA for В = 10; 9.90 КО, 1.82 Vpp; 1.65 Урр. 

9.3 КО, 1.021 mA, 9.7 kQ, — 2.8 mV. 

0.055 mA, 0.407 mA, 3.012 mA. 

71.8 КО, 167 V; 1.7 MQ; 17 KQ. 

122.5 НА. 

a) — 3.3 V, — 5.39 V, 1 mA, 0.98 mA, 19.6 uA; b) — 5.3 V, — 5.5 V, 1.606 mA, 0.957 mA, 0.648 mA; 
c) — 1.3 V, — 3.39 V, 1 mA, 0.98 mA, 19.6 A; d) 0 V, — 10 V, 0 mA; e) – 4.7 V, — 3.67 V, 1.128 mA, 
1.105 mA, 22.1 pA; f) — 6.7 V, ~ 2.7 V, 0.702 mA, 0.688 mA, 13.8 HA. 

a) 6.6 КО, 12 kQ; b) 10.6 КО, 8 kQ. 


a) 0.930 mA, 1.023 mA, 93 pA, 8.14 V, 0 V, 0.7 V; b) 0.930 mA, 1.023 mA, 93 pA, 1.86 V, 10 V, 9.3 
V; c) 0.230 mA, 0.253 mA, 23 HA, 9.54 V, 0 V, 0.7 V; d) 0 mA, 0 mA, 0 pA, – 10 V, 0 У, 0 V. 


a) 1.55 V, — 0.423 V, — 1.123 V, 0.845 mA, 42.27 uA, 0.888 mA; b) 3.55 V, – 3.23 V, - 3.93 V, 0.645 
mA, 32.26 uA, 0.677 mA; c) — 8.34 V, — 7.56 V, 8.26 V, 0.166 mA, 8.29 HA, 0.174 mA. 


3 V, 2.3 V, 7.7 У; 2.465 V, 1.765 V, 8.23 V; 1.313 V, 0.613 V, 9.44 V. 
120. | 
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a) 2.3 mA, 2.1 V; b) 2.156 mA, 2.575 V; с) 1.432 mA, 4.964 V. 

a) 0.582 mA, 3.86 V; b) 0.590 mA, 3.79 V; c) 0.571 mA, 3.96 V; d) 0.55 mA, 3.69 V. 
5 V, 43 V, 10.7 V, 11.4 V, 3.6 V; 4.73 V, 4.03 V, 11.31 V, 12.07 V, 2.90 V. | 
40 НА/У, 4 mA/V, 40 mA/V, 4 A/V. 

25 KQ, 2.5 МО, 250 Q, 25 КО; 25 Q, 2.5 КО; 0.25 О, 250 Q. 

Gain = K/Vr, a constant. 

37.8 kQ, — 39.7 V/V. 

— 4000 V/V, — 1000 V/V. 

£m = тг / (retre), ra = (Bol), rg), 9.9 mA/V, 10.1 КО. 

a) 0.976 V/V; b) — 8 V/V; c) — 40 V/V; d) - 7.92 V/V; e) - 444 V/V. 

— 297 V/V, 2.575 Vp, 8.67 mVp. 

Increases by 49%, or reduces by 33%; 6.7 КО. 

— 4000 V/V. 


r= [RR ABH) +r. 222122 +R): а) re; b) 27.3 с) 3гд/ (B+2) = 3/,. 


Gain = —g,(rolRy), К; = rl Rega (ro ЇЇ) Gain = -8m to/2, Ri = ra || (Yom) = re. 

See page 213: гд = 2Bit rns 8m = &һү2. 

See page 213: ig = 5 pA, ic = 1050 НА, vec = 4.75 V; 2.9 V, 0.582 mA; 3.09 V, 0.618 mA; clipping 
for 5046 of the cycle. 

49. 

30 О, 400 О, 200 О, 40 Q; 101.2 mA, 4.995 V. 

Rg = 1.00 КО, Rg = 68 kQ. 


For Rg = 95.2 КО, Ig varies from 1.056 mA to 0.787 mA, and Vcg from 0.5 V to 1.47 V. For Rp = 
100 КО, ЈЕ varies from 1.049 mA to 0.773 mA, and Vcg from 0.522 V to 1.516 V. 


Кр= 120 КО, Кв = 91 kQ; Ig varies from 1.047 mA to 0.700 mA and Vgc varies from 0.530 V to 
1.78 V. | 
Rg = 68 kQ, Кр = 47 КО; 0.484 V, 1.06 mA; 1.26 У, 0.844 mA. 


176 KQ; — 4.29 V 
to — 0.876 V; — 2.44 V to — 0.50 V. 


9.3 kQ; from + 5 V to — 4.8 V, or so. 


- 0.84 V, — 1.54 V, 8.4 mA, «1.6 V, 336 mA/V, 2.95 Q, 298 Q, 11.9 КО; Note constant voltages, 
inversely-scaled currents, and directly-scaled parameters. 


289 Q, — 336 mA/V, 0.922 kQ, - 310 V/V, - 97.1 A/A, 36.2 V/V, 46.7 A/A; Note that for resistance- 
scaled designs, parameters scale correspondingly and gains are constant. 


Use Re = 10 kQ: For В = о, — 0.7 V, 40.7 V, 0.83 mA, - 307 V/V, 3.26 mV; For B = 90, — 1.52 V, 
1.60 V, 0.74 mA, — 64.1 V/V, 3.66 mV, with v, = 15.6 mV. 

- 37.5 V/V to — 79.0 V/V. 

— 20.8 V/V to — 29.3 V/V. 

- 199 V/V, 3.78 kQ, — 109 V/V, 3.78 КО, 0.274 V/V, 5934 V/V. 

71 Q, — 4.55 V/V. 

21.4 Q to 8.3 Q; 6.14 V/V to 6.92 V/V. 


5.216 V, 4.516 V, 3.784 V, 0.153 mA; a) Source coupled to B, load to E, ground to C; b) Source to B, 
10 КО from E to ground or 10/3 КО from E, with load to С; c) Source to B, ground to Е, load to С; d) 
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Source to E, ground to B, load to С. 

a) 0.968 V/V; b) — 0.5 V/V or — 1.0 V/V for an added 10/3 КО resistor; c) — 20.4 V/V; d) 20.4 V/V. 
0.685 V/V. 

a) — 30.8 V/V, 193 КО; b) — 27.4 V/V, 221 КО; c) 27 kQ. 

2.7 KQ, Res 0.448) КО. 

a) Q, cut off and Q, saturated; b) Q, saturated and Q, cut off, with Во = 1.12. 

a) 2.05 V, 2.75 V, 2.25 V, 3.44, 0.561 mA; b) 4.8 V, 5.5 V, 5.0 V, 9, 10.1 mA. 

2 x 10774, 8 x 107A ; 0.9934, 0.0248; 0.0254. 

673 mV. 

Flow in the forward ВС] direction with (text) ic negative (as defined); Reverse Active mode; 581 mV. 
0.0203, 97.9 mV. 

Brorced = 0, 58.0 mV to 57.7 mV. 

49.3 mV, 48.7 mV, 12 О. 

Brorced = 0.1; Уксзш (mV): оо, 58.1, 17.8, 6.1, 3.1, 0.75, 0.50. 

199, Увсын (mV): со, 223, 168, 133, 114, 64, 40; In normal mode, 42.2 mV; In inverted mode, 12.9 mV. 
a) ірс = 2.80 mA, ipg = 12.87 mA; b) 697 шу, 649 mV, 48 mV; c) 45.6 mV. 

432 uA. | 


a) 0.85 V, 0.3 V, 0.76 V, 0.5 V; 0.088 V, 0.20 V; — 5.09 V/V; b) 1.65 V, 0.3 V, 0.76 V, 0.5 V; 0.89 V, 
0.20 V; – 32 V/V. 


1.67 V, 66.8 mV, 1.10 V, 0.64 V, 0.57 V, 0.57 V; — 3.43 У/У, — 28.8 V/V. 
2 МО, 1.2 GQ. 

a) 50 V; b) 30 V; c) 7 V. 

50 Q, 0.05 V. 

109, 90, 60 V. 

4.71 V, 4.85 V. 

1.15 % / °С, 0.63 %°С. 

4.69 x 1075С, 0.47 ns, 1.88 pF; 1.17 x 107!!C, 11.8 ns, 47 pF. 

0.208 pF, 90 fF; 2.09 pF, 2.92 GHz. 

0.302 pF; 6.07 pF, 6.1 fF; 206 MHz. 

20 ps, 80 fF, 80 fF, 0.9 V, 0.33, 3.2 pF, 160 fF, 3.36 pF, 48 fF, 7.5 GHz; 6.3 GHz. 
15.6 MHz, 1.59 MHz; 501 MHz, 131 MHz. 
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| Chapter 5 
FIELD-EFFECT TRANSISTORS (FETs) 


Ugs2 5 V, Vps2 1.5 V, Vp2 1.5 V, Ups 1.5 V. 


a) Saturated mode; b) Triode mode; c) Cut-off mode; d) Saturated mode; e) N-channel, 0р2 — 2 V; f) P- 
channel, saturated mode; р) P-channel, vg2 1 V. 


9 mA, 8 V, 8 V, 4 mA, 4 mA, 3 mA, 10 V, 4 V. 

See page 230. 

Уус 2 V, 400 pA, 300 pA, 175 HA, 2.5 КО, 0.04 V, 0.36 V. 

6 V to 1.005 У, 826 pA, 0.909 У, 0.43 nA, 0.45 mV. 

Ugs V, , 0.859 (ugs—V,), 0.564 (Vgs—V,), 0.134 (Vgs—V,); 2 V, 1.72 V, 1.13 V, 0.26 V. 
50 КО, 0.0093 V7, 107.5 V. 

1.575 mA. 

-2 V, - 296 V. 

a) 0.9 mA; b) 4 V; c) 0 mA; d) - 3 V. 


a) — 4 V, 5 V, Cutoff, 0 mA; b) — 2 V, 3 V, Saturation, 4 mA; c) ОУ, 5 V, Saturation, 16 mA; d) 0 У, 2 
V, Triode, 12 mA; e) — 1 V, 4 V, Edge of saturation, 25 mA; f) 2 V, 3 V, Triode, 35 mA; g) 2 V, 0 V, 
Triode, 0 mA; h) – 2 V, 2 V, Triode, 20 mA. 


a) 0.4 mA; b) 0 Vi c) 1 V; d) 0.9 mA, +1 V; e) 4.172 V. 

0.296 mA, — 1.075 V. 

0.4 mA, — 2 V, 7.5 КО. 

0.4 mA/V?, 2.43 V, 21.5%. 

20 kQ. 

200 kQ, 2.15 V. 

2 V, V, raised by 10.1%, К lowered by 18.4%. 

4 mA, 11 V, 8 V, 2 14 V. 

— 1.60 V. 

20 КО; M3 Il M2; 10 КО. 

9 mA, 7.5 V; 6.0 mA, 3.0 V. 

0.076 КО, 3.12 to 1. 

9 mA, 7.5 V, 6 mA/V, 6 mA/V, — 3.0 V/V, € 1.5 V, + 5.875 V and 8.875 V, versus 6.0 V and 9.0 V. 
2.83 mA/V, 3.53 КО; Linear for Vps «« 5.66 V, for 1%, 0.06 V peak, ог for 10%, 0.6 V peak. | 

0.240 mA/V?, 127 V, 2.5 V. 

(1+1)^ V, I mA, 20 mA/V, 50/I KQ, — 2RVI V/V, 10 (142R NT) КО; — 100 V/V, 99 КО; — 50 V/V, 
196 КО; — 73.0 V/V, 135 КО. 


- 2.38 V/V, — 4.76 V/V, — 1 V/V. 
1.34 КО, 0.971 V/V; > 63 КО, > 17 КО. 
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No; 1.12 КО; 0.814 V/V; > 1.78 КО. 

0.189 mA, 5.22 V, 4.61 V, 1.89 V for cutoff, 0.276 mA, 3.48 V, 2.74 V, 2.76 V for cutoff. 

10 МО, 8.6 MQ, 1.75 kQ, 5.33 КО, 

0.311 mA, 2.79 V, 2 Vp; 0.358 mA, 1.85 V, 1 Vp. 

0.189 mA, 5.22 V, 4.61 V, 0.276 mA, 3.48 V, 3.74 V. 

See page 237: 3.0 КО. 

10 МО, 2 МО, 2.1 kQ. 

0.25 КО, 0.375 КО, оо Q, 10 MQ. 

45 ДА, 55.6 КО; 2 1.5 V; 0.439 V. 

10 um, 100 иш, 400 um; 1.5 V above the negative supply; 103.5 pA. 

See pages 239 and 240; Topology A: 8, 66 um, 14 um or 28 um; Topology B: 7, 62 um, 14 um or 28 
шп; Topology C: 9, 36 um, 16 jum. | 

а) 2 V, 1 V to+4.5 У; b) - 2 V,-—1 V to 4.5 У; с) – 2.5 У to 6 V, — 4.5 V to 4 V. 

- 63.2 V/V, — 632 V/V. 

225 uA, 1.75 V, - 66.7 V/V; 3.5 V, 0.75 V. 

1.707 V, 85.2 V/V, 11.8 kQ. 

Vo from 4.29 V to — 4.29 V, with ù; from + 8.41 V to — 3.12 У; 0.832 V/V, 5.88 КО; 5.88 КО, 
1.002 mA/V, 20.62 КО, 20.6 V, 2 8.57 КО. 


See page 242. There are 2 enhancement and 4 depletion configurations, with 6 in total, for which current 
flows. Of these, four allow saturation operation. 


a) 2.5 V, 0.25 mA; b) 2.414 V, 0.343 mA; c) 3.82 V, 3.31 mA; d) 2.5 V, 0.25 mA; e) 2.5 V, 16.25 mA. 
- 3 V/V, 3.5 V, 1 V, for ù; = 4 V, and 2.5 V for v, = 3.5 V. 

3.48 V, for V, = 1.25 V, and ҳ = 0.172 and g,, = 0 ДАЛ, ОУ at V, = 0.9 V, and % = 0.323 and 
Ёт = 82 A/V. 

- 2.62 V/N. 

— 8.34 V/V; The output range is from 3.0 V to about 1.2 V. 

3.3 V, 0.0 V, 1.86 V, 1.44 V, 1.44 V, 1.44 V, 1.65 V; 72.25 A; 1.40 V, 1.90 V; 1.07 V, 2.23 V; 2 КО, 
2 kQ; 0.15 V, 3.15 V. | 

121 ps or 142 ps; a) 1.125 mW, b) 1.19 mW; 0.17 pJ; The match is poor since f is defined on a dif- 
ferent basis! 


1963 um. | 

2.4%, 3.2%, 2.4706. 

23.9 шп, 53.5 иш, 198 Т, 994 Т. 

a) 26.25 fF, 306 fF, 26 fF, 214 fF, 214 fF; b) 2.62 fF, 282.6 fF, 2.6 fF, 21.4 fF, 21.4 fF. 
a) 437 MHz and 138 MHz; b) 50.9 MHz and 29.9 MHz; for 100 НА and 10 НА, respectively. 
3.47 КО, capacitive; 30.0 КО, capacitive. 

10 mA, 10 mA, 7.5 mA, 0.586 V. 

~ 0.5 V, – 13 V. 

100 Q, 200 Q, œQ. 

— 0.586 V, 15 КО, 0.004 V^!, 250 У; or, alternatively 50.02 КО, 0.00403 У-!, 248 V. 

a) 4 mA; b) 1 V; c) 0.268 V; d) — 0.236 V. 
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1 mA, 0 V; 0.61 mA, 0 V. 
10 mA, 5 V, 5 КО, — 50 V/V, 19.2 КО, - 25 V/V, 37 КО. 


38.4 mA/V to 25.6 mA/V, 347 Q to 781 Q, 13.3 V/V to 20.0 V/V. 


1.21 V to 2.09 V, 2.2 V/V. 
15 mA, 0 V, 30 mA/V, — 15 V/V. 
0.144 V, 29.7 mA/V, — 12.9 V/V. 
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| Chapter 6 
DIFFERENTIAL AND MULTISTAGE AMPLIFIERS 


a) 115 mV; b) 73.6 mV; c) 54.9 mV. 
a) 0 V, 6 V; b) 1.3 V, 6 V; с) 2.0 V, 2.0 V, 10 V; d) 1 V, 2 V; е) 3.5 V, 10V; f) 4.7 У, 4 Vi g) 4.0 
V, 3.5 V, 10 V; h) 2.8 V, 10 V, 3 V. 


a) 0.0 V, 9.6 V; b) — 0.695 V, 9.52 V, 9.68 V; c) — 0.664 V, 9.90 V, 9.30 V; d) 0.037 V, 9.35 V, 9.85 
V; e) – 1.05 V, — 1.714 V, 9.30 V; f) — 1.758 V, 6.00 V, 6.00 V; g) – 0.752 У, 5.21 V, 6.79 V; h) - 
0.722 V, 9.05 V, 2.95 V; i) 0.951 V, 0.228 V, 9.00 V. 


ісу = a/2*- 91/2 Vr)(04/2)(-(02) V QVr))-(V4)(04, Vr )?))], 10% (ог 5%); 11 mV, 7.9 mV, 3.5 mV. 
40 V/V, 20 V/V, 2.4 V. 

400 V/V, 75.5 КО, 200 V/V. 

50.25 КО; 56.94 V/V, 100 МО, 0 V/V, co V/V, оо dB; 28.5 V/V, — 0.00995 V/V, 2864 V/V, 69.1 dB. 
2х1075 V/V, — 94 dB, 2.85х106 V/V, 129 dB; 2х107* V/V, — 74 dB, 2.85x10? V/V, 109 dB. 
79.7 VIN, 12x10% V/V, 66.4х10° V/V, 96.4 dB. 

79.9 V/V, 1.5x107* V/V, 114.5 dB. 

2.5 mV, 25 mV. 

47.5 mV, 33.6 mV, 22.5 mV. 

4 mV, 4.61 mV. 

9.9 mV. 

2.7 V. 

250 Q, 250 Q, 500 Q. 

198, 1998. 

60 Q, 58.15 Q; 0.990 A/A, 1.005 A/A; 0.982 A/A, 0.991 A/A, 0.996 A/A. 

1.974 V, 0.474 V to 3.474 V. 

20 kQ, 2.7 V. 

a) See pages 257 and 258: 9 BJTs; b) See page 215: 10 BJTs; c) 9 BJTs. 

Ior = VI-3^9). 

Ion = ABB (B+ AB + (B-1(i-1)0Bo(B3-)); Bi (1-4), B2 = (144), B3 = В; 
Io/Ig = (^*B-k B-k?B2)(B2+-B—k B-k2B242 = 1, for k = V. 


Ior = U1+2(B2—B3+1(B2B3+2B3)); Use В = В, В = (1-)В, Вз = (1+%&)В; 
Ior = (В2—6282+25 3+23)58?—к?3?—2* B+2B+2) = 1 for k = Vp). 


Бог 1 pA, Re = 115 КО; For 10 pA, Rg = 5.75 КО. 

2 mA/V, – 3000 V/V, 1.5 МО, 76 КО, — 144.7 V/V. 

1 mA/V, 3 МО, — 3000 V/V. 

2 mA/V, 51.8 МО, 103.510" V/V. 

+ 0.2 V/V, + 0.1 V/V, + 0.02 У/У, for 10%, 5%, 1% drop, respectively. 
1.35 У, 70.8 A/V, 283.2 V/V, 141.6 V/V. 

36 mV. 

+ 1.25 mV, + 1.25 mV, + 0.6 mV; + 3.1 mV, + 1.87 mV. 
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1.95 V, 100 pA, 101 pA, 8 МО. 
1.92 V, 91.9 uA, 92.9 uA, 8 МО. 


Ioi = loz = 50.8 НА, 5.6 КО, 800 КО; To improve, split both Оз and О» into two parts, requiring a total 
device width of 4 W as in the original case, rather than 5 W as required by the initial modification. 


- 20 V/V, 100 kQ. 

a) 400 LA/V, 250 КО, 10 MQ, — 4000 V/V; b) 63.2 LA/V, oo Q, 2 MQ, — 126.4 V/V. 

— 55.6x10? V/V. 

- 17.6x10? V/V. 

Normally, Roy = 115x10?Q; 0.889x10°Q with no Q3, Qs 1.264x10°Q with no Qs, Q2. 

a) 1.25 mA, 2.5 V; b) 2.95 mA, ~ 0.13 V; c) 3.0 mA, 1.5 mA, ~ 0.12 V, 2 V; d) 0.12 mA, 4.94 V; c) 
1.5 mA, 0.37 V. | 

a) — 4.5 V; b) — 3 V; c) 0.55 mA; d) 880 kQ; e) 4.5 uA. 

a) — 4.3 V; b) – 3.3 V; c) 1.1 mA; d) 8.16 МО, e) 0.49 uA. 

W; = Мз = 43.5 um, W; = 21.7 um; Diode drop is 0.75 V at 2.5 mA; 0.926 V/V; 31.1 КО or 26.5 КО. 
W, = 4.67 шп, И, = 45.2 um; Use ip = 0.502 mA; 1.76 MQ; 2 ДА change is consistent. 

0 V, 0.88 MQ, — 822 V/V. 

W, = W,=W;= 16.3 um; Use / = 1.0 mA; Needs an 11 mV offset to keep vg at 2.25 V; 2450 V/V; 
Alternatively, with W; = №: = 16.7 um апа W4 = 3.85 иш, and / = 1.0 mA, the gain is — 1296 V/V. 
a) co О, 5 О, 80.9x10? V/V; b) 10.2 КО, 283 О, 4040 V/V. 

Reduce R4 (о 1.15 КО, К; to 7.85 КО, Rg to 0.75 КО, for which A} = — 6.12 V/V, А4 = 0.998 V/V, 
А = 8099 V/V, with R, = 71.4 Q; With R; = 286 О, swing is from 9.8 V to — 4.1 V. 

Ко = 18.6 КӘ, R, 12 КО, R22 12 КО, Кз = 2 КО, К. = 1.3 КО, К; = 107 КО, К = 2 КО; 
Rii = 10.2 КО, Rj; = 2.55 КО, Ria = 67.6 КО, Ri4 = 102.3 КО; 3070. 
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Chapter 7 
ЕКЕООЕХСҮ КЕ$РОМ$Е 


Т (у) = (1+R Cis у(1+К|(С|+С.,))у); a) Yes, low pass; b) See page 225: Pole at 182 rad/s, 0 at 2000 
rad/s. 


a) T(s) = (05s (145/10) (+s )(1+s/100)(1+5/10°)(1+5/10°)); b) 0 V/V, 90°; 0 V/V, — 180°; c) Poles at 

= — |, – 100, —10°, —10° rad/s; Zeros at s = 0, — 10, оо, со rad/s; d) Gain is 10? V/V and phase 0° 
from about 10° to 107 rad/s; е) 60 dB, 57 dB; Better to prepare plots earlier, certainly by the end of рап 
a), easiest after c), most useful before d). 


57 dB, 39.8", 52.8 dB, — 74.7". 


An = 10%, Е (5) = s(s-10)((s--1)(52200), Fy(s) = И(145/107)1-5/106)), 
AL(s) = 107s (s--1OY((s -1)(s -100)), Ag (s) = 10%(1+510°)(1+5/10°)). 


Е (s) = 549100), Fu (s) = V(01-75/10)), A (s) = 10°sX(s +100)(1+510°)). 

а) 100 rad/s; b) 99 rad/s; c) 99.00 rad/s. © 

a) 10? rad/s; b) 0.995x10? rads/s; c) 0.990x10? rad/s. 

T (s) = 10s (s--10)((s -1)(s +100)(1+5/10°)(1+5/2X10°)); 0.894x 106 rad/s, 0.856х106 rad/s. 


a) 0.333х109 rad/s, 0.447x10° rad/s, 0.374х109 rads/s; b) 0.476х109 rad/s, 0.673х106 rad/s, 0.601х106 
rad/s; c) 0.833x106 rad/s, 0.905x10 rad/s, 0.895x10 rad/s. | 


a) 300 rad/s, 224 rad/s; b) 210 rad/s, 147 rad/s; с) 1200 rad/s, 1054 rad/s. 

— 13.14 V/V, 2.28 Hz, 53.1 Hz, 334.3 Hz; 15.9 Hz. 

С; 30 uF, Сс = 0.02 pF, Cc; = 5 uF; 11.1 Hz, 1.14 Hz, 1.08 Hz; 0.53 Hz. 

о; = UCs(Rstrs)), 0, = UCs(Rstrs(1t+gmRs)M1+8nRs)); The equivalent transconductance is 
Em (Rs +75 Nem Кугу +Ку+гу); rs = 526 Q; fps = 159 Hz, fz, = 15.1 Hz. | 
6.24 Hz, 8.4 Hz, 74.4 Hz, 1.94 Hz; — 18 V/V; 75.1 Hz. 

Cg = 37. 2 uF, Ссі = 12.0 ИР, Ссг = 4.2 uF; Alternatively, Cc; = 16.2 НЕ, Cc, = 3.12 uF. 
- 6.58 V/V; 4.37 Hz, 8.42 Hz, 28.2 Hz, 1.86 Hz; 29.6 Hz. 

a) 144.7 MHz; b) 155.3 MHz; c) 9.65 GHz. 

62.1 fF, 8.1 fF, 2.04 GHz. 

240 fF, 2220 fF, 140 fF, 120.2 fF. 

4.76 pF, 0.577 pF, 0.368 MHz, 42.3 MHz, 0.37 MHz, 42.3 MHz, 387 О. 

0.365 MHz, 234 MHz, 318 MHz, fy = 0.365 MHz; 19.8 MHz, 392 MHz, fy = 19.8 MHz. 
0.477 pF, 500 MHz. 

760 КО. 

2.54 GHz, 4.51 pF, 13.8 MHz, 22.6 pF; Ic 2 0.22 mA. 

— 18 V/V, 3.0 MHz. 

- 6.79 V/V, 6.6 MHz. 

A positive pulse of 2.5 V amplitude, of 50 us duration, with transitions of 7 ns, and sag of 1.6%. 
20.7 V/V, 113 MHz. 

— 13.6 V/V, 25.6 MHz. 

0.963 V/V, 50.0 MHz, 15.6 Hz. 
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7.31 0.909 V/V, 1.46 MHz. 

7.32 — 24.4 V/V, 3.96 MHz, 86 Hz. 

7.33 a) — 18.7 V/V, 5.26x10 Hz, 68.5 Hz; b) — 15.0 V/V, 1.24 MHz, 51.2 Hz. 
7.34 11.05 V/V, 7.75 MHz. 


7.35 For R; connected to the collector of the input transistor: — 7.12 V/V, 6 MHz; For К connected to the 
collector of the grounded-base amplifier: + 7.12 V/V, 4.54 MHz. 


7.36 7.12 V/V, 29.3 MHz. 
7.37 6.02 V/V, 13.3 MHz. 

7.38 149 mV, 20 MHz, 88 MHz. 

7.39 6.71 V/V, 30.5 MHz. 

7.40 (rg = 1670); 3.66 V/V, 37.8 MHz. 
741 723 MHz; 2.5 V/V, 119 MHz. 
7.42 6.11 V/V, 30.61 MHz. 

743 6.63 VIV, 22.1 MHz. 
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Chapter 8 
FEEDBACK 


0.01 V, 300 V/V, 0.33 V/V, 300 V/V, 3.0 V/V, 300 V; The output limits. 

7.696, 0.115, 22 dB, 1 V, 0.115 V, 0.01 V, 4.12%. | 

As designed, 11; as fabricated, 6; 16.7%, 83.3. 

47.9%. 

10° Hz, 109 Hz, 105 Hz. 

2x10? Hz, 0.707x10* V/V; The desensitivity factor maintains the gain for frequencies above cutoff. 
100 V/V, 37 dB. 

90.9 V/V, 1.1 mV, 0.1 V, 50 V/V, 20 mV, 1.0 V, 0 V/V. 

a) Shunt-Shunt, — 1/ R5; b) Shunt-Series, — r/R or — r/R3); c) Series-Shunt, Ry(R--R5); d) Series- 
Series, rR KR +R2) or rR yCr-R +R). 

a) Series-Series, г; b) Shunt-Shunt, — 1 / Кє; c) Series-Shunt, 1; d) Series-Series, г. 

2.22 S, 50 mQ. 

10.6 V/V, 11.2 КО, 1.06 О, 0.963 Vrms. 

227 V/V, 0.05 V/V, 9.5 КО, 200 КО, 18.4 V/V, 478 КО, 47.1 Q, 18.4 V/V. 

10.9 V/V, 26 MQ, 96.3 Q, 26 MQ, 96.3 Q. 

0.951 V/V, co О, 166 Q, 0.816 V/V, 29.8 mV. 

0.974 У/У, 249 О, 0.998 V/V, 13.8 О. 

26.0 V/V, 2.5 КО, 10 КО, 1.856 V/V, 362 Q. 

204.5 mA/V, 18.3 mA/V, 438 КО, 23.6 КО. 

20.7 A/V, 11.9 Q, 83.7 mA/V, 3.38 MQ, 183 КО. 

10 Q, 10 Q, 10 Q, 260 mA/V, 72.2 mA/V, 244 КО, 36.8 КО. 

18 МО, — 10° A/V, 100 КО, 100 КО, - 2.8 V/A, - 96.6 V/mA, 221 Q, 17.5 О, - 93.3 V/mA, 9.65 
kQ. 


Series-shunt at low frequencies; Shunt-series at high frequencies; — 0.167 A/A, 6 kQ, 0.83 kQ, — 183 
A/A, 0.58 mA/V, 50 Q, œ Q. 


- 1.0, 10 КО, о О, — 0.98 V/V, 168 Hz, 3.98 Hz. 
— 0.298 A/A, 4.45 КО, 1.24 KQ, — 115.4 A/A, 0.335 mA/V. 
1.77 uF, 1.14 pF. 


2 x (1011 + RL) mA/V, 12.9 КО, 31 kQ; For loads from 0 КО to 12.9 КО, the transconductance varies 
by only 3 dB, and by another 3 dB for R, up to 31 КО. 


0.65, 61.3 Q, 26 Hz; 15.5 uF, 15.5%. 
See page 293: 63.5 V/V, 1550 V/V, 5 Hz, 244 Hz, 3100 V/V, 48 V/V, 650 Q. 
1550 V/V, 63.3 V/V, 32.5 uF, 0.10 Hz, 2.45 Hz, 6.8 KQ, 150 КО. 

120 V/V, 1.21x10* V/V. 

100.5 V/V, 0.0995 V/V. 

a) 19.3 V/V, 0.951 V/V; b) 4.36 V/V, 0.813 V/V. 

107 rad/s, 5 V/V, Ё = 0.02 or less. 
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Sce page 294. 

174.3 °, Oscillation does not occur; 454 Q. 

7.98 V/V, 2.5 MHz, 20 MHz; The pole is shifted by the amount of the feedback factor, namely 500x. 
200, 199, 0.05, 19.9 V/V. 

1.11, 1.11x10^4 V/V, with poles at 10° Hz and 9x10? Hz, 1.78x10~, 4x10? V/V. 

10.5x10°(1+/) Hz, 0.707, 14.9 MHz, 14.9 MHz, 0.043 V/V, 22.7 V/V. 

See page 297: B = 0.024; poles at — 1.41x10? rad/s and at (— 0.298 + j 0.298) x10? rad/s, 143°. 

60°, 29°, 5.7°. 

0.01, 0.001, 0.0032, 909 V/V, 306.5 V/V, — 15°. 


—tan ! f/A05—2tan^! f/105; Margins are zero at f = 1.01x10°® Hz; Margins are 45° at = 4.3x’ Hz, with a 
gain of 196.2 V/V and В = 0.0051; Margins are 78 ° at f = 1.4х10' Hz with a gain of 698 V/V and 
В = 0.00143. | | 


К = 1.11, 900 V/V, 09 MHz, 09 MHz; К = 0.10, 10 V/V, 10 MHz, 10 MHz. 
10? Hz, 102 Hz; 10° Hz, 10° Hz. 
4.14x10* Hz, 4.14x10? Hz; 41 MHz, 41 MHz. 


1.59 pF, 0.146 pF, 77.6 MHz, 10 MHz, 10 MHz; Factor of 2.4, 0.066 pF; Poles are at 24 kHz, 10 MHz, 
39.8 MHz; 10 MHz, 4.1 MHz. 
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Chapter 9 
OUTPUT STAGES AND POWER AMPLIFIERS 


For a 1 kQ load, peak load currents are 1.4 mA, 14 mA, 141 mA, with operation in modes A, A, AB, 
respectively; For a 0.25 kQ load, peak load currents are 5.7 mA, 57 mA, 566 mA, with operation in 
modes А, AB, AB, respectively; Class B operation is possible, for large signals and low bias currents. 


1.53 Vp, 2.7 Vp, 2 1.76 КО, 2 0.88 КО. 


4.1 Vp, 4.56 mA. 
a) 43.5 mW, 180 mW, 24.295; b) 21.8 mW, 180 mW, 12.1%; c) 43.5 mA, 270 mW, 16.1%; d) 21.75 
mW, 270 mW, 8.06%. | 


0 V, — 7 V for — 7.9 V input; 6.43 V for +7 V input; For ug = 6.43 V: 41.3 mW, 238 mW, 17.4%; For 
Vo = — 7.0 V: 49 mW, 117 mW, 41.9%; For largest sine wave output of 6.43 Vp: 20.7 mW, 198.5 mW, 


10.4%. 

Vo is 9 Ур or 18 Vpp, with input of 20 Vpp for no load and 22 Урр for a 10 kQ load. Gain is 0.9 V/V 
or 0.82 V/V. Supply power is 0 mW ог 6.36 mW. Load power is 0 mW or 4.05 mW. Efficiency is 
100% or 63.7%. 

410.2 mV, +102 mV, 41.02 V. 

For 6 Vp or 4.2 Vrms; 1.125 W, 1.43 W, 78.7%, 0.305 W. For 4 Vp: 0.5 W, 0.95 W, 52.6%, 0.45 W. 
For a +14.5 V supply and 6 Vp: 1.125 W, 1.73 W, 65%, 0.6 УУ. 


2.5 mA, 1.35 V, 5.07 V, 0.982 V/V, 0.910 V/V, 0.995 V/V. 


4.48 V. 

21.9 mA, 1.00 V. 

R, = 10 kQ, К) = 8.7 КО; At the peak, 0.55 V/V; At 0 V, 0.84 V/V. 

ге = (re(RitR2HtR Ку ф3+1)УК itre) = (re (KR +R f (k -1B--1))(Q tre), 114 Q. 
123.8 °С, 2.08 "C/W, 161 mA, 400 mV. 

86.4 W, 102.5 °С, 0.29 °C/W, 1.68 °C/W, 10.4 cm, 1.79 cm, 52.3 cm. 


42.3 W, 43.1 W; The problem lies in the transistor itself with its dominating thermal resistance. 
0.595 €2, 0.80 О. 

2.76 mA, 15 Q, 140 Q. 

a) 1.93 V; Current increases by more than 5 times; b) 2.04 V; Current increases by a few tens of %. 


27 О, 100 mA. 


For В from 50 to 150, g,, ranges from 204 mA/V to 207 mA/V, gain ranges from — 977 V/V to 981 
V/V, R, ranges from 946 Q to 1010 Q, Rou ranges from 4.75 КО to 4.79 КО; Rhat is, there is little 


effect. 

95 КО, 1 LA, 5.05 КО, 0.0405 pA, 10.34 V, 10.56 V. 

Raise R; to 115 kQ with 57.5 КО in each half. Raise Аз and R; to 2.3 КО and 57.5 КО, respectively. 
[2 reduces by 2.3 times while Jọ reduces by less than 2.3 times. 

— 1818 V/V, 87.5 Hz. 

28 О, Factor of 2.76, Rs = К = 35 О. 

Use Аа = 10 MQ, Кз = 100 КО, R2= 1 MQ, К = 101 КО, for an input resistance of 100 КО. 


a) Drive A, as shown, but with R4 connected to the output of |: Ri = 10 КО, К = 90 КО, R3 = Кц = 
100 КО; b) Merge Ёз and R; into Кіз = 10 kQ with К) = 90 КО, R4= 100 КО, using 3 resistors 


overall. 
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9.28 7 V, 7.5 A, 6.0675 A, 18 A, 0.9 A/V, 3 A/V, 1.5 A/V. 


9.29 7.12 V, 863 Q; 0.429 of Vj4 must appear across О; a) 0.927 V/V; b) 0.988 V/V; On average, the gain is 
0.960 V/V. 
9.30 0.1 mA; a) 0.899 V/V, 0 V, 1.22 V, — 1.22 V, 0 V; b) 0.952 V/V, 10.78 V, 12 V, 9.40 V, 10 V; 


On average, the gain is 0.928 V/V. 
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Chapter 10 
ANALOG INTEGRATED CIRCUITS 


0.733 mA, 0.2205 mA, 12 kQ. 
18.3 НА, 13.9 ВА, 3.40 КО. 


Use a transistor Q25 whose collector is connected to the emitter Qs, emitter to a resistor A5 con- 
nected to — Ver, and base to either the base of Q,, or the emitter of Q7; 7.4 KQ, 1 kQ; The latter is 
best. | | 


a) OK; b) From 8.4 V above the positive supply to — 20.7 V below the negative supply. 
Vrin(KIggp/Ic1o) = IcioRa; Icio = 15.7 ДА, 4 КО. 

— 1.034 V. | 

Icelc3 = М14-11(202)41.19/0), 0.994. 

For R, shorted, 0.727 A/A; for К, shorted, 1.375 A/A. 

+ 16 mV. 

38.1 kQ, 56 kQ. 

For Rg = R7 = OQ, Ку = 13.46 kQ; For Rg = Ку = 27 О, a design is not possible. 
5.03 uA, 0.1 mA/V. 

2.65 kQ, 5.25 MQ; Now 1000 V/V versus 815 V/V then. 

0.497 mV, 67% larger. 

+ 3.4%. 

Add resistors Rg in series with the emitters of both Qg and Qs, 18.2 КО, 15.6 MQ, 0.0088 A/V, 86.7 
dB. 

5.81 MQ versus 4.0 MQ previously. 


55.4 Q, 10.0 mA/V, 0.59 MQ, 78.8 К, — 788 V/V versus — 526.5 V/V previously, a gain increase of 
50%. 


4.38, — 421 V/V, 330 Q. 

21.7 mA, 21.6 mA, 17.9 mA. 

111.2 dB, 2.77 Hz, 1.00 MHz, the same as before. 

a) For 45°: 0.123 pF, 244 kHz; 0.0123 pF, 253 kHz; b) For 60°: 0.212 pF, 142 kHz; 0.0212 pF, 146 
kHz. 

154 V/us, 1540 V/us; 2.45 MHz, 24.5 MHz. 

Class AB, 2.5 mA, 11.8x10° V/V, 13.5 pF. 


For Q, through Qs: Їр are 12.5, 12.5, 12.5, 12.5, 25, 25, 25, 25 HA; | Vs | are 1.35, 1.35, 1.35, 1.35, 
1.50, 1.35, 1.50, 1.50 V; g,, are 70.8, 70.8, 70.8, 70.8, 100, 141.6, 100, 100 A/V; r, are 2, 2, 2, 2, 1, 
1, 1, 1 MQ; 35.4 V/V, 70.8 V/V, 2506 V/V; from 3.15 V to — 4.64 V on the input; from 4.5 V to — 
4.65 V on the output. 

For Q through Qs: Ip are 6, 6, 6, 6, 12, 12, 12, 12 pA; |V, | are 1.28, 1.28, 1.35, 1.35, 1.40, 1.35, 
1.40, 1.40 V; г„ are 42.5, 42.5, 34.6, 34.6, 60, 69.2, 60, 60 A/V; r, are 4.2, 4.2, 4.2, 4.2, 2.1, 2.1 
2.1, 2.1 МО; — 89.3 V/V, — 72.7 VIN, 6488 V/V, from 3.32 V to — 6.5 V on the input; from 4.60 V to 


— 4.65 V on the output. 
1.707 V, 2212 V/V, 3.3 mV. 
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6.76 pF, 14.5 KQ, 1.10 MHz, 42.3”, 58.3 pF, 0.116 MHz; 1.78 V/us, 0.206 У/ив. 
а) 29.3 КО, 28.3 A/V, 12.7 НА/У; b) 55.3 КО, 44.7 НА/У, 12.7 НА/У; L = (2 — Vm^); m > 1, to 


overcome component variations, but small enough to minimize Rg œ (1 — Vn”). 


Minimum voltage is 2Vgs—V,, Ко = гг, Thus, as measured by the output resistance and output- 
voltage overhead, the cascode and (modified) Wilson are the same. 


484 MQ, 18.7x10? V/V. 

Ro = (Emacc roscc 8тас rosc ғоз) || (mac rozc гоз), 243 МО, 14.4x10? V/V, 3.23 V. 
3.75 V, – 2.75 V, - 3 V, 242 MQ, 9.36x10 V/V. 

62.8 A/V, 6170 V/V, 162 Hz, 2 V/us. 

55.15 MHz, 550 MHz. 

See page 319: 50 kHz, 21.7 О. 

7 bits, 9.77 mV. 

128 КО or 256 КО, 3.91 Q or 7.81 Q, 1.95 О or 3.91 Q, 0.2%. 

10 КО, 78.4 Q, 78 Q to 156 Q. 

5 bits. 

See page 320: Use 3 comparators with references at — И V, 0 V, +% V. 


a) 0 V; b) 0 V; c) Saturated at + 10 V; d) Stays saturated; Specifically, for 1) VA» Vggp, Vo = O У,0 
V, — 10 V, — 10 V, for a), b), c), d), respectively; for ii) Va «Vggp, Vo = O V, О V, +10 V, +10 V for 
a), b), c), d), respectively. 
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Chapter 11 
FILTERS AND TUNED AMPLIFIERS 


See Table, page 323. 

0 dB, — 1 dB, — 50 dB. 

0.915 dB, 26 dB, 1.25. 

2.86x10? rad/s, 100.5 rad/s, 28.5; 0.455х107 s, 0.35 kHz, 11.2 dB. 

T (s) = (52+0.1520(52+252+1.895+0.89). 

See page 324. 

For N = 13, 43.9 dB, 0.21 dB, 44.8 dB; twelfth order would suffice. 

Use N = 8,0, = 136.7 krad/s; poles at w, (—0.1951+/ 0.9808), w, (-0.5556Łj 0.8315), 

0, (—0.83 1547 0.5556), W, (—0.9808+; 0.1951); 
T (s) = 000165 2+0.39020,5 -92)(s?-1.1110, s--02)(s?4-1.6630, 5+02)(s2+1.9620, s +02), 

10.1 dB, 42.3 dB. 

For Butterworth, 12.45 dB; For 4 Chebyshev, 22.5 dB. 

М = 7, 48.5 dB, 0.074 dB, 43.8 dB. 

For Butterworth, N= 13, о, = 1.084x10? rad/s; Poles at 10°(-0.131+j 1.076) rad/s, 
105(0.384: 1.013) rad/s, 10°(-0.616+j0.892) rad/s, 10%—0.811+/0.719) rad/s, 103(-0.969+j 0.505) 
rad/s, 10°(—1.052+j 0.259) rad/s, 1.08x10? rad/s; For Chebyshev N = 7, @, = 10° rad/s; Poles at 
10°(—-0.057+ 1.006) rad/s, 107(-0.1604/0.807) rad/s, 10°(—0.231+j 0.448) rad/s, 10*(—0.256) rad/s. 

10 КО, 100 kQ, 159.2 pF, 100 kHz, 1 V/V; More precisely: f, = 100 kHz, 100 V/V, with R; = 10 
kQ and К) = 990 КО, | 

0.1 WF, 0.01 uF, 15.9 КО, 15.9 КО, with input resistance of 15.9 КО. 

T(S) = (К/К )(5 1) C DAS FW 2, С.,))))(5 IG 2a || Ran CDAS WR ia || Rj5 C); Ci = 0.2 uF 
with Ri, = Кәр = 79.58 КО and Ria = Кә, = 8.84 КО, C= 0.002 uF, for poles at 100 Hz and 1 
kHz, and zeros at 10 Hz and 10 kHz. 

Су = 0.001 pF, Кы = 17.7 KQ, Ry = 159 КО, Ry, = 177 КО, Ry = 1.591 MQ, Сз = 10 nF, 
with zeros at 100 Hz and 1 kHz, and poles at 10 Hz and 10 kHz. 

T(s) = (s-VRCY(s*-VRC), — 90 °; 524 Q, 1051 Q, 2.68 КО, 5.77 КО, 10 КО, 17.3 КО, 37.3 КО, 95.1 
kQ, 190.8 kQ. | 

T (s) = 200з,(5?+2005-++108), 414 rad/s, and 2414 rad/s. 

a) T(s) = s7(s?-1.414s1), with О = 0.707 апа œ, = 34, = 1 rad/s; Amin = 123 dB; b) Q = 
1.707 with o, = 1.287; T(s) = 0.707525 2+0.7545+1.657) where G4, = 1 rad/s and Amin = 18.3 
dB, a 6 dB improvement. 


T(s) = (52+3772У(52+5 3770 4377), with Q = 6.136 and a 3 dB bandwidth of 9.78 Hz; 3dB frequen- 
cies at 55.3 Hz and 65.1 Hz; 1 dB frequencies at 49.0 Hz and 70.4 Hz; 1% frequencies at 25.9 Hz and 


94.1 Hz. 

796 pF, 264 uH, 10 Vrms. 

530.6 pF, 0.0048 uH, 26 dB. 

112.5 pF, 22.5 mH, кене, = 283 О, Ryu; = 707 КО. 

R, =R2=R3=Rs5= 10 КО, Cy= 0.1 uF for L = 10H and 1 nF for L = 0.1 H; Rj = К) = Кз = 
10 КО, С,- 10 nF, К; = 100 kQ or 1 КО. 
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a Кү=К)=Ку=10%0, К,.-1000, С,- 10 nF, C= 254 nF, fo Q= 31.9; b) 
Кү-Ку«Ку-100,К,-100,С,- 10 nF, C = 254 nF, for Q = 0.32; с) Кү = К, = Ёз = 10*Q, 
С+= С = 0.05 uF, А; = 1.013 kQ, for Q = 628; with C42 C = 0.1 НЕ and R; = 253 Q, Q = 
12.6. | 

For the first-order section: œ = L(2x10*, Q = 0.5, Ri = 33 КО Il 33 КО, К,- 33 КО, C = 400 pF 
ll 80 pF; For one second-order section: o, = 142710), О = 3.953, С, = C 67 C = 400 pF 1 80 pF, 
Ri =R2=R3=Rs5= 33 КО, Re = 120 kQ; For the other second-order section: @„ = 2710$), О = 
0.7198, C4 = C; = C = 400 pF II 80 pF, Ri = Ra = R3 = R; = 33 КО, Re = 24 КО. 

Use C4 = Cg = C, with Кє to control О (and о,), апа R; = А = R4 =R, with Rs to control 0, ; 
Q, = IW(CR^R£), Q = RARR 5); Re must vary by a factor of 200. 

R, = 2.7 kQ, К, = Кә = Raq = Ra, = К; = 100 kQ, — 39 V/V. 

R = 10 КО, Ry» 22.5 КО, Rg 2e О, Re = 15.7 КО, C= 1 nF, R= 31.83 КО, 
Кү-К,-К,- 10 КО, Кз = 190 KQ. 

Ку = 102.6 КО, Кз = Ry 2e О, r= 100 КО, R = 200 КО, QR = 4 МО, Су = 0, С = 769 pF, 
R5 = К» = oo Q. 
C, - C= 20 pF, Кз = 0.707 MO, К; = 0.354 МО, Alternatively, use C; = 10 pF, Сә = 20 pF, 
Кз= 1 МО and 62 КО in series, Rg = 470 КО; Alternatively, use C; = 10 pF, С = 50 pF, А; = 
0.849 МО, Ка = 0.236 MQ; Of the 3 solutions, the first with equal 20 pF capacitors is the most 
straightforward. | 

R3 = 637 Q, Ка = 398 Q, Rya = 318 КО, R4(1—a) = 398.5 О; Rn = 318 КО at both low and high 
frequencies. 

2, = (Као) s^rs (VR3C + VR3C2)- UC CR 3R 4) M5745 (VR 3C 1+ VR 3C 2) (1-0(C C5R 3R 4) 

= (R40) (s?r«, 5/0 -ao2y(s?o, 5/0-41-000)2): 2; = КД0(1-00), as s approaches 0; 2; = Ryo as s 
approaches oo; at the centre frequency, Z; = R4(1+j aQ Y(o (12-02 Q?)). 

C = 3. nF; For the first-order section, К = 0.965 КО; For the lowest-Q Sallen and Key section, 
Ку = 0.998 КО, К, = 0.933 kQ; For the second Sallen and Key section, Rj = 1.281 КО, К, = 0.727 
kQ; For the third Sallen and Key section, Ё = 2.68 КО, №, = 0.348 КО. 


Sc? =—U21+ks)), 8с" = —Ку(2(1+Кз)), 8с" =—М2(1+Е&)), 5с" = —К4(2(1+К4)); All become — И; 
50. = -VQ(I-k3), SÉ, = —ky¥2(1+k3)); Both become — И; S£. = 2(1+k4)), SE, = k4Q(0--k4)); 
Both become М. | 

S,° = 0, Sp" = aTg around T = To; S£ = -k?, SP = 0. 

0.1 pC, 0.1 LA, 10 MQ, 50 mV in the negative direction, 400 cycles, — 50,000 V/s, 5,000 V/s. 

C, = Сз = 2.000 pF, Сз = C42 1257 pF, С; = Cg 1.777 pF, bandpass output, 10° Hz, 1.41х107 
Hz, 1 V/V. 

a) 57.2x106 rad/s, 87.7, 652 krad/s, — 51.1 V/V; b) 67.1х106 rad/s, 124, 540 krad/s, — 16.7 V/V. 


а) 62.9x10® rad/s, 106, 592 krad/s, — 66.8 V/V; b) 70.3x106 rad/s, 139.2, 505 krad/s, — 19.6 V/V; Thus 
the tapped coil gives the best results in general; see page 341 for a comparison. 


0.63 О, 25.1 КО, 126.7 pF, 8.38 КО. 


10; Use three stages: For one stage, bandwidth is 3.16 MHz and selectivity is 31.6; For the cascade, 
bandwidth is 0.294 MHz and selectivity is 5.88. 


Cı = 7327 pF, Сз = 7423 pF, К = 30.616 КО, Ё = 30.416 КО; Relative gain is 1.007. 
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Chapter 12 


SIGNAL GENERATORS AND WAVEFORM-SHAPING CIRCUITS 


12.1 
12.2 


12.3 
12.4 
12.5 


12.6 
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12.8 


12.9 
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12.18 
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б = МІС)", Gm = n/R;nRC,L-An/Ray* VUnRin ). 
See pages 343 and 344: Note that amplifier polarity change can be accounted for by coil-tapped con- 
nection reversal. 


Gm =1/(пК„) + n/Ra, + n/Ry + n/Rj,). 
R, = 10 КО, К) = 31.0 КО, R3 = 5.6 КО, R; = 50 КО, 5.83 kHz. 


For zeners which are normal {or better}, gain: for 0050 is {— 1.33 V/V) (— 1.33 V/V), For ug» 0.7 V 
is — 1.18 V/V (- 1.32 V/V}, For юо» 7.5 V is — 0.67 V/V {— 0.67 V/V}, with the input threshold at 
6.36 V (5.68 V]. 


= 10 nF, R = 1.59 kQ, Ri = 3.3КО,К,- 82 КО. 
0.280 MHz; The closed-loop op-amp gain must be 3.02/(1 + 0.755j). 


L (w) = (1+RYR1Y |j eX, HRR -AORC ) RC o, 14880) Ч, 
Y; 
W= 10,(14КуК,/УКС) |, КК = URC, (1+RYR;)), К„ = 0.0625R,; Excess phase shift implies 
operation at a frequency lower than in the simple case; sce page 347. 
L(s) =—Ry Cs/ | 1+(R ,+2R z£3R 3)Cs+(R RR yt2R oR k2R 183) С252+К RoR 3C3s° | 
о, = V(C(RíRzH2R3R 4*2R R3), which for Ry =R,= Ry = R is œ = М(СКҮ5) with Ку = 6.26R; 
Sr, = — 0.3, Sr. = – 0.5, Sr’ = 0.174, Sp’ = 0.335, Sp’ = 0.497. 
-1 
L(s) = —(К,/Ё®) ES (4RC+3R, C es ?(R?CHHARR, С2у-К2К, 353] | 
Five sections needed, @„ = 0.191/(RC), || = 5804 V/V. 
| -1 
L(s) = -Rj C [igo R1C353-10RCS)) 44 | ,@= 1.224ДКС), Ry = 622 R. 
R = 1.59 kQ, C = I0 nF, Q = 12.5, 1.78 Vpeak, Ry = 1.1 КО, Re = 19.9 КО. 


CYC; = 10.83, C, = 2.767 nF, Сз = 29.97 nF; For high supply voltages, the peak voltage can be 
estimated as 6.66 V, 7.1 V or 8.1 V; For 3 volt supplies a peak signal of about 1 V results. 


0.523 H, 0.0119 pF, 1325 О; C/C, = 6.4 for which C, = 1.56 pF with R; = 0, or С = 1 pF with 


Ку = 4.1 KQ. 


R, = 1.07 КО, Кз = 5.13 КО; Vj, ranges from 1.04 V to 2.94 V, and Ууу ranges from 2.06 V to 3.96 
V; Estimates of some critical delay times include 0.4 ns, 0.64 ns, 10 ns, 75.3 ns, 3 us, (see pages 353 
and 354 ). 

К, = 2.87 КО with К, = 7.8 kQ, or К, = oo $) with К, = 10 kQ and К» = 5.6 КО; VIL = + 0.7 V, 
Үүн = + 1.4 V. 

See page 355: Viy = 3.83 V, Vj, = 1.17 V. 

R = 200 kQ, Ку = 33 kQ, К) = 240 КО, Кз = 3.9 KQ; The slope is 0.036 V/s at £ = 0, 0.028 
V/us at t = 50 ps, and 0.032 V/us on average, R = 424 КО; Use К = 10 КО and К) as 10 КО in 
series with 680 О. 

Ка = 1 КО, Rg = 7.2 КО, wih thresholds of t£ 1 V; Ry = 10 КО, R22 82 kQ; C = 1000 pF, R = 
410 kQ, R3 = 1.5 kQ. 

— 0.7 V, — 1.67 V, — 0.833 V, — 10 V, 1.07 V step, 0.25 ms pulse, » 118 V/s; R4 controls recovery; 
Retriggering is possible 10 ps (plus the amplifier recovery time) after output falls. 

54.2 us; For very long input pulses, the loop is open, and the output fall time is an amplified version 
of that at node А; 124 ns. 
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Т = 0.11 ms; Input less than 0.11 ms; For longer inputs, set and reset are applied together. 
— 1.8%. 


4.83 kHz, 66.7%; 12.1 kHz, 91.7%; 14.5 КО; There is no combination of resistors which will produce 
10% duty cycle: Use 90% duty cycle and an inverter! 


400 Q; See the Table on page 359: The maximum error is about 8% at about 45°. 


Progressively: Ri = 5 КО, У = 2.4 У, V3 = 64V, К, = 1.15 kQ, Кз = 1.15 kQ; Errors: — 0.3 mA 
at 3 V, + 0.1 mA at 5 V, — 0.3 mA at 7 V, 0 mA at 10 V; With 1 mA diodes: У = 2.4 V, И; = 6.4 
V, к= 5 КО, К = 1.139 КО, А; = 1.659 kQ; Errors: — 0.25 mA at 3 V, + 0.14 mA at 5 V, — 0.13 
mA at 7 V, — 0.28 mA at 10 V. 


Requires 7 amplifiers and 4 diodes in total, with extra inverters from input v; to the lower amplifier, 
and on the output. 


This is an absolute-value circuit. 

See page 362: R4 = R; || R2 = R2 with КэКо, 

See page 361: R, is 56 КО in series with 620 Q, К, = 10 КО, К; is to 12 КО resistors in parallel. 
+ 10 V, 0 V, + 10 V; Input resistance is infinite; The circuit is called a full-wave doubler rectifier. 


Up to vy; 14 mV, 00/0; = 101 V/V, with vog reading 1.414 V; From vy; = 14 mV to y 150 
mV, vo^; = 51 V/V, with vg reading 8.35 V; Above v; = 150 mV, Vg; = 1 V/V. 
The output is a dc level of 200 mV which remains when the input is lowered; R, = 3.3 / (fC) to 


ground at the output; Output rises to represent the maximum peak-to-peak value of the combined sig- 
nal at f /100; add К» = 0.48 / (fC) from node B to ground. 
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Chapter 13 
MOS DIGITAL CIRCUITS 


See page 365; 0.0V,3.3V, 1.2 V, 1.8 V; 1.5 V, 1.5 V; 12 V, 1.5 V. 

See page 365; 2, 5, 5, 10; 1 ns; 1.091 ns, 0.909 ns. 

See page 366, 198 uW, 0.182 pF, 0.198 pJ. 

5 MHz; See page 366. 

(3.0 um/0.8 um); 1.65 V, 1.3875 V, 1.9125, 1.3875, 1.3875. 

Vin = [Уор — Wipl + М, Va ]/ [1 + ҮЛ]. 

Slope is: 2 Уд, Van(Vop — Ум = Уу! (NK, + 1)/ (Vap + Van); — 38.1 V/V. 

3.125 КО, 3.125 КО. 

Both 640 uA; both 550 uA; both 150 uA. 

Үл, from 1.59 V to 2.66 V, Ин from 2.16 V to 3.59 V, Vo, always 0 V, Voy from 3.75 V to 6.25 V; 
ММн from 4.09 V to 0.16 V, NH, from 2.66 V to 1.59 V. 

22.5 fF; 77.3 ps, 77.3 ps, 77.3 ps. 

tpu = 1.6C / (k,(W/L), Vpp); From constant current, tpu, = 3232 C s; From Eq. 5.101, грн, = 
3111 C s; From Eq. 13.18, tpu, = 3434 C s; The constant-current approach, here, is the simplest. 


ірні, = 1.37C / (kn (WAL )„ Vpop), From constant current, tpu = 1.23C / (k, (W/L )„ Урр); From Eq. 
5.101, 1.31CXK,(W/L), Vpp); The constant current approach is good for rapid analysis. 

90 uA, 13.5 НА, 50 НА, 63.5 НА total, 317.5 uW, 67.5 uW with no capacitor. 

ЇРШ, = ірін = 2.12 ns, 47.2 MHz, 1.25 pJ. 

a) 0.8 to 1.3 V, 0 to 0.5 V, neither conducts; b) 0 to 1.3 V, 0.0 V, 1.3 V; c) 0.8 V, 0.5 V, no current 
flows; d) See page 370; e) 0.39 us, 0.64 us; f) 156 kHz. 

Vou = 5 V, VoL = 0 V, Vi = 1.275 V, Vy = 2.02 V, Vy, = 1.75V, ын = 5.57 ns, їриц = 2.89 
ns. 

See page 71; not identical; variation in proximity to power-supply rail; 2 PUN, 2 PDN, 4 combina- 
tions. 

See pages 371 and 372; 4 possible XOR units; 24 combinations. 

See page 372; 42.2 ит?, 12.6 x the area of a single inverter. 

25.0 jun 2; 7.4 х the area of a single inverter. 

17.8 ит?; 5.3 х the area of a single inverter. 

1.36 k; threshold is 2.10 V. 

See page 374. 

Inverter area is 39 units, NOR area is 72 units; inverter capacitance is 3 units, NOR capacitance is 9 
units; For equivalent NOR, area is 111 units, and capacitance is 3 units. 

r= 2; 3.3 V, 0.79 V, 2.80 V, 1.70 V, 2.16 V; High Уо, leads to additional leakage current in con- 
nected gate; noise margins are OK. 

Mismatch of n and p drive capabilities; Vg, = 1.5 V, Vy = 2.30 V. 

a) r= 4 (WZ), = Vl, (WL), = 1/2, A= 3units?; r= 10: (W/L), 1/1, (WAL), = 1/5, 
A = Gunits?, b) r= 4: (WA), = 2/1, (WL), = Ml, A -3units^; r 10: (WL), = 5/1, 
(W/L), = 1/1, A = 6units?; Current drive is r/2 x greater; c) r = 4: (W/L), = 1.414/1, (WIL), = 
1/1.414, A = 2.83units?; r = 10: (W/L), = 2236/1, (W/L), = 1/2236, A = 4.47units*; Current 


Hg 
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drive is Vr/2 х better. 
= 2.954; 3.3 V, 0.504 V, 2.414 V, 1.390 V, 1.958 V, 0.886 V, 0.886 V; 185 uA. 
r = (Ирр — V, / [AV, (2Vpp — (& + 2)V,)]; г = 20.25 / [009 — o)], r = 4.76. 
a)r = 5.61, Vo, = 0.252 V; b) г = 2.53; с) г = 13.75, Уң, = 0.789 У; 
а) г = 1352, Vy, = 0.62 У; е) г = 4.02. 


а) IPLH = 1.7CAk, Vpp ) ЇР, = 1.7САХ, (r — 0.46)Vpp); b) tPLH = 1.7CKKk, Vpp/f ), 
Їрш, = 1.1CAk, Vpp/r), ірні, = 1.7CXKk, (1 — 0.46r)Vpp); ірін/Йрні, = (r — 0.46); r = 1.46; 2.05 V, 
1.18 V, NMy = 0.120 V, NM, = — 0.089 V; 1.46 x longer. 


One input active: r = 4: Іру 477 ps, tpy, = 135 ps; г = 10: tpu = 1.19 ns, іру, = 125 ps; 
Two inputs active: r = 4: Грин = 485 ps, tpu = 64.5 ps; r = 10: грн = 1.21 ns; іры = 62 ps. 
Area ratio is 18.2 to 1; Pseudo NMOS is 5.5% of the area of the CMOS. 

VoL = 0.0 У, Vow = 2.24 V; 2.24 V; 15.9 НА, 0.064 V; 12.04 pF; tpu = 68.3 ps, tpu = 39.3 ps. 


1.896 V; Ор conducting reduces tpjj and speeds up the upper end of the transition; Voy = 3.3 V; 
56.25 ps. 


0.0 V, 3.3 V; 18.9 fF; бдг 62.3 ps, іру, = 50.1 ps. 
See page 381. | 
Y=ABC+ABC -АВС-АВ С; See pages 381 ам 382. 


See page 383. F=C XY Z; Use an additional p-channel MOSFET at the left, connected to the 
supply and X; (W/L )4 = 10/5, (W/L), 23 = 60/5. 


See page 383. 

For the NAND: ын = 2.22 ns, tpy, = 1.31 ns; For the NOR: [ри 
Internal node capacitances, C; = Сз = 7.73 fF; Ce = 30.4 fF; CoL 
0.883 V; 0.727 V. 

247 ps; 273 ҢА; 1.35 V. | 

Cx; = 10.7 fF; Cy, = 10.1 fF; ын = 194 ps; Ф high for 1.94 ns. 
1.3875 V, 1.9125 V; 1.65 V; — 38.0 V/V; 1444 V/V. 

See page 386: Equal at (0 V, 0 V), (5 V, 5 V), (2.64 V, 2.64 V); gain is 74 V/V in the middle, and 

0 V/V at the ends of the range. | 

1.41 V; 2.47 V. 

See page 387. 

C = 264 fF; tp to О falling is 304 ps, tp to О rising is 474 ps. 

Wg = 2.65 um; Wp = 3.04 um. 

Vin = 1.414 V; For D high: At Q, їрш = 725 ps; For D low: At Q, іры, = 667 ps; must be high 
for > 725 ps; f max = 657 MHz. 

For D high, tp = 630 ps; For D low, tp = 653 ps; 769 MHz; faster, lower power, more reliable. 

16 transistors; 19.2 uum; 33.6 um; increases by 75%; See page 390. 


See page 390; [3t, 3t] for both delays installed; [3t, 1t], for one delay installed; [1t, 1t], for no delays 
installed; Adding two more inverters increases the gap from 3t to 5t. 


See page 391. Total width is 101 jum. 
14.14 kQ; 30 ns; regenerative turnoff is inhibited, and fall time increases to 28 ns; 215 ns; 15 ns. 
30.2 us, 4.96 V, 2.7 V, 0.024 V, 0.225 mA, 12.8 mA. 


0.65 ns. 
42.5 ЇР; See page 385. 
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3.67 рЕ. 


795 ns; C; = 140 fF; C, = 143 ЇР; For Gi, йн. 84.5 DS5 ЁрнІ1 = 42.2 ps, For Go, 
ЇР1 2-5 ірні2 = 51.0 ps, tr = 150 ps; Minimum trigger pulse is 92 ps; Maximum trigger pulse is 795 
ns; О НА, 241 НА, capacitor voltage is 0 V; Recovery time is 1.83 us, but can be much reduced with 
an added circuit. (See page 393). 


22 КО. with 220 kQ at the gate. 

This is an astable multivibrator; tjj, = 5.5 US; tiny = 10.6 Us. See page 394. 
Сы = 18.7 fF; 1, = 56.4 ps; fosc = 1.77 GHz; a) 1.34 GHz; b) 340 MHz. 
See page 395. | 

9 bits; The 9 bits on the right are001001 1002 76,9. 


Total gate area = 12.481un?; Square-cell dimensions: 5 um x 5 um; 1.39 mA pulling down; 3.7 WA 
pulling up; bit-line capacitance is 1.15 pF; 165 ps. 

Net drive currents at Vy: 0.926 mA down, but essentially 0 up; switching is possible, but with only a 
one-sided drive; Ce = 29.5 fF; Average switching drive is 2.10 mA; tyeg = 14.8 ps. 


2.16 V, 62.3 ДА to the cell, 31.3 ДА from the cell; 3.6 um; is = 27.6 WA, і = 105.1 НА: Writing 
cannot occur by 0, overpowering Q;; ig = 240 НА, ig = 53.4 WA: Writing can occur by О over- 
powering Q4, and the design is viable. 


1.22 pF, minimum bit-line signals are + 23.5 mV and — 19.0 mV. 
1.12 x 10720. 

0.027 fF. 

0.3%; 16384 amplifiers; 4.9%. 

22.2 ns; 26.6 um. 

W, is 3.17 х minimum width; 6.55 ns; 7.93 ns. 


Word-line decoder has 10 input bits with 1024 outputs; Bit-line decoder has 8 input bits and 256 out- 
put lines; 10 bits; 10240 decoder NMOS, 1024 PMOS, 10 inverters. 


256-line decoder has 8 layers with 510 transistors; 1024-line decoder has 10 layers with 2046 transis- 
tors; 2.47 kQ; 1 layer!; increase device width and/or add buffers. 


See page 399: 10 transistors. 
1.56 um х 1.04 um, or perhaps 1.6 ит x 1 um; 2P = 5.2 x 10°; 2! = 16384 = 16K words. 


See page 399; 25 transistors in the array and 10 in the inverters; without the inverters, need 65 transis- 
tors; decoder needs 80 transistors. 


See page 400 and 401. 
a) high 1, b) low 1, c) low 1, d) high (threshold for) 1. 
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Chapter 14 
BIPOLAR DIGITAL CIRCUITS 


0.990, 0.200; 6.98 x 107A, 3.46 х 107!7A, 6.91 x 107A; 617 mV, 88.2 mV; 6.68 mA, 0.368 mA; 
6.68. | 


1.77 ns, 109 ns (or 14.9 ns), 56.3 ns (or 9.2 ns); 5.3 ns, 223 ns (or 30.6 ns, or other estimates), 117 ns 
(or 20.6 ns); 223 ns (or 5.3 ns). 


380 ns, 18.1 ns, 1.89 ns. 

15.2 ns, 35.8, 12.8 pF, 3 ns, 99.9 ns. 

0.643 V, 0.625 V. 

0.820 V, 0.972 V. 

а) 16.7 ВА, b) 1.376 V; c) 0.409 mA; d) 1.64 mA; e) Add another diode in series with Юз, D4; Кү = 
1.26 КО, 2.60 mA, fan out of 2. 

0.41 mA, 2.31 mA. 

1.46 mA, 64, 95.6 mV. 

42.7 ns, 15.5 ns, 47.0 ns, 26.2 ns. 

505 Q, 15.5 ns, 5.16 ns. 

Ү= 2.0 V, R = 600 Q; Рог У = 2.5 V, изе R = 1.0 kQ for which N € 21; For V = 2.0 V, use 
R = 0.6 КО for which N s 27. 

See page 409. 

Vg3 = 0.7 V, [к = 0.7 mA, Үсә = 0.9 V, Іс) = 2.56 mA, Vg; 1.4 V, Vg, = 2.1 V, Ig = 0.725 
mA, [gi = 35 ДА, Ig? = 3.33 mA, /вз = 2.59 mA, Vegsarz = 0.124 V, Ускшз = 0.107 V, N < 23. 
Ус = 0.3 V, Үд) = 1.0 V, Үс = 0.5 V, Іва = 0.3 ША, Үвд = 45V, Үүд = 3.8 V, Vout = 3.1 V, 
Іва = 0.13 mA, Ува = 4.5 V, Vc, = 4.64 V. | 

Vpa z07 V, Vp27 1.4 ү, Vai = 2.1 V, Ve} = 1.4 V, Үүд = 1,96 V, Ува = 2.66 У, Уо 1.29У 
with /c3 = 4.4 mA, /g3 = 0.49 mA, Гез = 4.9 mA, Ig; = 1.19 mA, ЈЕ = 0.61 mA; Vckwut = 72 
mV. 


a) Ісз= 1.1 mA, [ga 7.0 mA, Ig4 0.70 mA, Ic) = 0.74 mA, Ig; 082 mA, /вз= 0.12 mA, 
Ics. 1.1 mA, with Vg 129 V and I, = 6.5 mA; b) /сз= 18 mA, Ig 2 mA, Ig; = 2.7 mA, 
Їсэ 2.43 mA, Үсә = 1.1 V, Ig2 = 0.27 mA, Igi = 0.46 mA, Vg = 1.3 V, with Q4 cut off. 


Кә = 1.37 kQ; Gross slope = — 1 V/V, Кү = 1.17 kQ; Increase is 0.94 mA ог 36%. 

For source at — 55 "C and load at 125 °С: NM, = 0.70 V, NMg = 1.16 V; For source at 125 °C and 
load at – 55 °С: NM, = 142 V, NMy = 1.74 V. 

4.76 mA, 17.8 ns. 

1.34 V. 

1.305 mA. 


a) 0.75 V, 0.25 V, 19.6 НА, 0.98 mA; b) 0.767 V, 0.266 V, 0.04 mA, 0.96 mA; c) 0.810 V, 0.316 V, 
0.216 mA, 0.784 mA; d) 0.825 V, 0.268 V, 0.392 mA, 9.61 шА, e) 0.810 V, 0.256 V, 0.216 mA, 9.78 
mA. 

a) Approximate values: 0.75 V, 0.25 V; 1.5 V, 1.00 V; 2.00 V, 1.5 V; 0.75 V, 0.25 V. b) More pre- 
cise values: 776 mV, 244 mV; 1563 mV, 1064 mV, 1566 mV, 1064 mV, 761 mV, 321 mV. 


157 О. 
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a) 6.02 Q; b) 2.04 Q. 

a) 0.675 mA, 0.675 mA; 3.73 mW, 3.73 mW; b) 0.213 mA, 33.5 mA; 1.07 mW, 167.5 mW; 

DP = 54.9 pJ. 

а) Von = — 0.75 V, Vor = — (RI + 0.75)V; b) VpA = — (RI/2 + 0.75)V, Увд = 682.7 mV; c) 748.7 
mV; d) 675.1 mV, 73.6 mV; e) Ул, = — (RI2 + 0.824)V, Ин = — (RV2 + 0.676)V; f) NMy = (RI2 
- 0.074)V, ММ; = (RI/2 — 0.074)V; р) IR = 0.442 V; h) Voy = — 0.750 V, Voz, = — 1.192 V, 
Үнэ — 0.897 V, V, = — 1.045 V, Ve = — 0.971 V. 

285 Q, — 0.750 V, — 1.89 V, — 1.493 V, — 1.147 V, 0.397 V, 0.397 V. 

285 Q; Use 2 diodes for Voy = 2.75 V; Use А = 570 Q for Vo, = 0.47 У. 

К,- 148 О, Ig; = 0.95 mA, Voy = — 0.75 У or slightly more, and Vo, = — 1.04 V to – 1.14 V. 
0.205 V. 

9.44 V/V. 

Fanout of 1: tpu = 173 ps; tpu = 132 ps, tp = 152 ps; Fanout of 10: tpu = 1.11 ns, 

ірін = 174 ps, tp = 642 ps. 

2 cm. 

Use sources: 4 mA, 0.66 mA, 0.66 mA to replace Rg, Ra, Ry, respectively; Raise Rc, to 
2450 = Reo; For Ve: 2 mV/°C; For VoL: 1.8 mV/'C; For Voy: 2 mV/'C. See page 418. 

a) 2.24 V, 5.0 V, 0.0 V; b) 2.24 V, 4.17 V, 0.68 V. 

See page 419; 1.25 kQ with output high; 1.25 kQ with output low. 


On the short term, Voy = 2.6 V, VoL = 0.7 V; On the longer term, Voy = 2.8 V, VoL = 0.5 V; For 
a workable design, Оу must be made 6 times wider than the minimum. For this choice, Үл, = 1.61 
V, Vi = 1.91 V; Peak currents аге 27.9 mA, pulling up, and 76.0 mA, pulling down; Corresponding 
currents at Vpp/2 are 16.2 mA and 58.9 mA; ірін = 0.52 ns, tpu = 0.17 ns; With the addition: On 
the short term, Voy = 2.6 V, Vo, = 0.7 V; On the long term, Voy = 3.3 V, Vo, = 0.0 V; 
{тїн = tru, = 125 ns. | 
On the short term, Voy = 2.6 V, Vo; = 0.0 V; On the long term, Voy = 3.3 V; іру = 0.64 ns, 
tp, = 0.65 ns; Supply current is 5.6 mA. 


See page 422. (W/L), = 2WIL, (W/L), = WIL, Vy, = 2.06 V. 

Von = 0.7 V, Vo, = 0.114 V, Viz = 0.51 V, Ин = 0.497 V, NMy = 0.203 V, NM, = 0.396 V. 
0.544 mA, 0.816 mW, 13.4 ps, 35.2 uW, 0.011 pJ. 

Von = 0.7 V, Vo, = — 1.27 V, Vj; = — 026 V, Үнэ — 0.16 V, NMy = 0.86 V, NM, = 1 Via) 
Уон = 0.7 V, Vg, = — 1.29 V, Vin = — 0.234 V, Vin = - 0.146 V, NMy = 0.85 V, NM, = 1.06 
V; b) Уон = 0.7 V, VoL = — 1.09 V, Viz = — 0.293 V, Viy = — 0.184 V, NMy = 0.88 V, NM, = 
0.80 V; c) Voy = 0.7 V, Vo, = 0.032 V, Viz = — 0.582 V, Vo, = — 1.37 V, Vig = — 0.532 V, 
NHy = 1.23 V, NH, = 0.79 V. 

Ws = W, = 20 um, Ирр = 10 um, Уон = 2.1 V, Vor = 0.13 V, Vi 1.14 V, Ин = 1.24 V, 
NMy = 0.86 V, NM, = 1.01 V; For a fanout of 4, reduce Wpp to 2.5 рт. 
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STANDARD COMPONENT VALUES 


e Standard 5% Values with Marked 10% and 20% Values 


А 0000000000000 0 ē 00000000 a 


1.0, 1.1, 1.2, 1.3, 1.5, 1.6, 1.8, 2.0, 22, 2.4, 2.7, 3.0, 33, 


maa i 


e Standard 1% Values with Marked "ш" Values 
1.00, 1.02, 1.05, 1.07, 1.10, 1.13, 1.15, 1.18, 1.21, 1.24, 1.27, 1.30, 1.33, 1.37, 


1.40, 1.43, 1.47, 1.50, 1.54, 1.58, 1.62, 1.65, 1.69, 1.74, 1.78, 1.82, 1.87, 1.91, 
1.96, 2.00, 2.05, 2.10, 2.15, 2.21, 2.26, 2.32, 2.37, 2.43, 2.49, 2.55, 2.61, 2.67, 
2.74, 2.80, 2.87, 2.94, 3.01, 3.09, 3.16, 3.24, 3.32, 3.40, 3.48, 3.57, 3.65, 3.74, 
3.83, 3.92, 4.02, 4.12, 4.22, 4.32, 4.42, 4.53, 4.64, 4.15, 4.87, 4.99, 5.11, 5.23, 
5.36, 5.49, 5.62, 5.76, 5.90, 6.04, 6.19, 6.34, 6.49, 6.65, 6.81, 6.98, 7.15, 7.32, 


7.50, 7.68, 7.87, 8.06, 8.25, 8.45, 8.66, 8.87, 9.09, 9.31, 9.53, 9.76, (10.0). 


e "Unit" Values 
1, 2, 3, 4, 5, 6, 7, 8, 9, (10). 


* Tens Values (with {Geometric} and [Arithmetic] "Means") 
1, (3.16), [5], (10). 
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